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MAGNETISM AND ELECTRICITY 


CHAPTER I 

PROPERTIES OF MAGNETg 

251. Natural Magnets. — It was known in very early times 
that certain naturally occurring black stones had the curious 
property of attracting to themselves small poces of iron. 
These stones were found in Magnesia, and were consequently 
given the name of magnets. It was found that these stones 
(which consist of a black oxide of iron, Fe304) could com- 
municate this peculiar property, which was called magnetism, 
to pieces of iron or steel, which in their turn thus became 
magnetised, and ^vere also known as magnets. The magnets 
used in laboratories consist of pieces of hard steel, usually 
in the form of rods or bars. They are magnetised, not by 
contact with a natural magnet, but more conveniently and 
more powerfully by means of an electric current (§ 325). 

It was later found that if a magnet, either artificial or 
natural, is suspended so as to be free to turn in a horizontal 
plane it will always set in a definite direction, and will return 
to that direction if displaced. This property can obviously 
be used for enabling a ship to steer a proper course, and hence 
the natural magnets were called ** lodestones,” that is, “ lead- 
ing stones.” The magnetic compass, which consists of a 
small magnetised needle delicately supported on a fine point, 
is the modern development of the lodestone. 

252. Magnetic Poles. — It is found that for many purposes 
the magnetic forces exerted by a magnet may be regarded as 
acting towards or from certain definite points in the magnet. 
These points are known as the poles of the magnet. Even* 
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magnet. has at least two such points, but may have more. A 
bar magnet which has been uniformly magneti.sj'ci will have 
two such poles, situated n^r the ends of the' bar. The 
straight line joining the two poles of the magnet is known as 
the magnetic axis of the magnet, and the length of this line 
(which is generally about five-sixths of the •length of the bar) 
is known as the magnetic length of the magnet. 

If the magnet is suspended, say by a^piece of unspun silk, 
so as to be free to turn in a horizontal plane, the magnet will 
come to rest with its axis pointing in a direction which is 
aiiproximately north and south. The pole which is situated 
at the north end of the magnet is known as the north-seeking 
pole, or more usually simply the north polo of the magnet, 
while that at the other t'nd is known as the south-seeking 
pole, or simply as the south pole of the magnet. It is usual 
to mark the north pole, either with the letter N, or often 
simply with a scratch or a dab of led paint. The poles can 
at any time be identified by suspending the magnet as 
described aiuf noting the direction in which it sets. The 
pole pointing apf)roximately towards the north will be the 
north pole of the magnet. 

The two poles differ in character. Let us take two 
magnets, and suspending one of them, present the north 
pole of the other towards the north pole of the suspended 
magnet. It will be found that tl^e suspended pole moves 
away from the approacluug pole. The two north j)oles repel 
each other. Similarly, if the south pole of the other magnet 
is brought close to the south pole of the suspended magnet, 
the latter again is rej)elled. 

On the other hand, if the south pole of the one magnet 
is brought near the north pole of the other, the suspended 
magnet turns towards the other, showing that the two unlike 
poles are attracting each other. 

Thus like poles repel each other ^ end unlike poles attract. 

We can use this property to identify the poles of an un- 
marked magnet. The pole of the magnet which repels the 
north-seeking pole of a compass needle is the north pole of 
the magnet. In the mathematical treatment of magnetism 
this difference between the poles of a magnet is represented 
by calling the north pole “ positive ” ( + ), and the south pole 
“negative” (— )* The two poles are thus said to be of 
opposite alga. 
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253. Ma^{netic Substances. — Substances which can be acted 
upon by magnets are known as magnetic substances. Iron, 
steel, and in a lesser degree nickel and cobalt, are the only 
substances possessing magnetic properties in any appreciable 
degree. Thus a magnet which will strongly attract a piece 
of iron or steel wiil exert no perceptible influence on a match 
stick or a piece of copper wire. It can be shown by the use 
of very powerful maignets and sensitive apparatus that all 
substances are more or less affected by magnetic forces; 
but, except on the substances named above, the action is so 
small as to be quite negligible. 

• If we bring up one end of a bar of iron close to, say, the 
north pole of a compass needle or suspended magnet, the 
magnet will turn towards the iron, 
showing that there exists an 
attractive force between the pole 
and the iron. If now we invert 
the piece of iron so as to present 
the other end to the same pole, 
the magnet will again turn towards 
the iron. Thus the magnetic pole 
attracts and is in turn attracted 
by both ends of the unmagnetised 
piece of iron. If, however, the 
iron is a magnet, !hen, as have .oa.-Kxperimcnt to 

already seen, one end of it will illustrate Mngnciic Induction, 
attract and the other end will 

repel the north pole of the magnet. Hence the distinction 
between a magnet and a piece of magnetic substance which 
has not been magnetised is this : that any part of the piece 
of magnetic substance will be attracted by either pole of a 
permanent magnet, while in the case of a magnet one part 
will be attracted and another part will be repelled. Thus 
a body which attracts or is attracted by a magnet may either 
be another magnet or simply a piece of unmagnetised magnetic 
substance. T/ie only sure proof that a given body is a permanent 
magnet is its ptnvcr to produce repulsion. 

254. Magnetic Induction. — Let us examine the attraction 
between a magnet and a magnetic substance a little more 
closely. Place an unmagnetised bar of iron in a vertical 
position (Fig. 204), and place a small compass needle with^ 
its north pole near the end B of the bar. Since the latter 
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is unmngnetised, the pole will be attracted and will point 
towards the iron. Now bring up a strong mngne! C, with its 
north pole directly over the end A of the iron bar. The 
north pole of the compass needle will now be repelled by the 
end B of the bar, thus proving that the iron bar has become 
a magnet with its north pole at the end B,»and consequently 
with a south pole at A. The bar AB is said to be Magnetised 
by induction. • 

The north pole of the magnet C is called the inducing 
pole, while the poles {)roduced in AB are induced poles. 
Tlie inducing pole always induces a pole of the op])Ositc 
kind on the part of the iron nearest to it, and a pole f 
the same kind on the part of the iron farthest away from it. 

The attraction of a magnetic pole for an iin'fnagnet ised 
piece of iron i^ due to induction. When a magiv't is brought 
near an unmagnetised substance it induces a pole of opposite 
kind on the portion of the substance nearest to it, and these 
two poles, being unlike, attract each other, 1 ’he inducing pole 
and the second induced pole, being like poles, repel each 
other, but as this second pole is much farther away than tlie 
first, the force between them is comparatively negligible, for, as 
w'e shall see, the force between two poles decreases very rapidly 
as the distance between them is increased. 

If the bar AB is of soft iron, the effects will disappear as 
soon as the magnet C is removed, Waving the bar again in an 
unmagnetised condition. If, however, the bar AB is made 
of steel it will be found to be slightly magnetised after the 
magnet C is removed, and the effect can be considerably 
increased by hammering the bar while the magnet is in 
position. In this way a permanent magnet can be obtained 
by induction. It must be noticed that the strength of the 
magnet C is not in any way diminished by the process. It 
produces a magnetic state in the bar AB without losing any 
fraction of its own magnetism. 

255. Production of Magnets. — In practice magnets are 
always made by the action of an electric current (§ 325 ). 
They can, however, less satisfactorily be made by the action 
of permanent magnets. There are two methods in common 
use. 

I. SiNOT.K Touch. — The steel bar to be magnetised is 
, laid flat on the table, and a strong bar magnet NS is held in 
"a vertical position with its north pole touching one end of 
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the bar (Fig. 205). It is then drawn slowly and uniformly 
along the bar to the other end ; lifted vertically from ’the bar 
and carried back at some distance above it into its original 
position ; the operation being repeated some twenty or thirty 
times. The end B where 
the pole leaves the bar 
will be a south pole. 

2. Divided Touch^ — 

Two permanent magnets 
of equal strength are 
taken and placed on the 
.centre of the bar to be 
magnetised, -vith their 
opposite poles in contact 

(Fig. 206). They are . B 

then drawn slowly apart jos.-Magnelisation by Single 

to opposite ends of the Touch, 

bar, lifted up from the 

bar, and replaced in their original position. •The operation 
is repeated several times. The end which is touched by the 
south pole will be found to have north polarity, while the 
other end will be south. 

The simplest magnet we can make has two unlike poles, 
situated at a short distance from each end. Unless the 
operations of stj-oking, qjc., are very carefully performed, the 
resulting magnet will olten exhibit more than two poles. 
These can be demonstrated by dipping the magnet into iron 
filings, when the filings will be found clustering about several 

different points along 
the bar. These poles, 
which are not situated 
near the end of the 
bar, are known as con- 
sequent poles. They 
are often present in 

lM(i. 2oO.-M.->g.wii,.xiiun by Double made by the 

Touch. action of other mag- 

nets. 

A bar of steel can, of course, be magnetised purposely to 
have more than two poles. For example, if we place the 
north pole of a bar magnet on the centre C of a bar of steel 
and stroke it from C to A several limes, and then repeat tlte 
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process with the other half of the bar, stroking with the same 
pole from C to B, the resulting magnet will have a south pole 
at each end and a stronger north pole in the middle, as 
indicated in Fig. 207. 

A permanent magnet must be made of steel. Soft iron, 
though readily magnetised, loses its magnetism witli great 

ease. Steel, though not so 
readily magnetised as soft 
iron, retains its properties for 
a very considerable time. 
Even a steel magnet will in 
time lose its magnetic char.- 
acter, and the process is 
greatly accelerated by rough 
treatment — for example, by 
dropping it on the floor, 
hammering it with a hammer, 
or allowing it to become 
rusty. The magnetism of 
any magnet can be completely destroyed by raising it to a 
red heat (above 800“ C.), 



Fig. 207.— FrotUiciiim of a 
Consequent Pole. 


magnetised piece of watch-spring. It will show only two 
poles — a north pole at one end and a south pole at the other. 
Suppose now we break the watch-spring in t.wo. It might be 
supposed that in this way we should produce one piece of 
steel possessing only a north pole and another with only a 


N. 



Fig. 208.— Result of dividing a P- i Magnet into Fragments. 


south pole. This is not the case. It will be found that new 
poles are produced at the fracture, a south pole on the portion 
carrying the north pole and a north pole on the side nearest 
the original south pole. In other words, each fragment is a 
complete magnet, possessing a north and a south pole 
(Fig. 208). However many times the process is repeated 



PROPERTIES OF MAGNETS 


375 


the resulting fragments are always complete magnets. It h 
impossible by any operation to produce an isolated north or an 
isolated south pole. 

It was suggested by Ewing that the molecules of magnetic 
substances are themselves small magnets possessing a north 
and a south pole. In the case of an unmagnetised piece of 
iron these molecules are arranged in an entirely haphazard 
manner. Thus, if ascertain number of molecules have their 
north poles pointing to one end of the rod, there will be on 
an average an equal number of molecules with their south 
[)oIes pointing in the same direction. The effect of the south 
.poles will exactly neutralise that of the north poles, and hence 
the iron as a whole will appear unmagnetised. If, however, 
we can rearrange the molecules so that the little molecular 
magnets are all pointing in the same direction, one end of the 
bar will now be entirely made up of these little north poles 
and will therefore act as a strong north pole, while the other 



Fin. 2og.— Illustrating the Molecular Theory of Magnetism. 

end will similarly be a ^trong south pole (Fig. 209). Since 
the molecules themselves are indivisible it is evident that into 
no matter how many fragments we divide the bar one end of 
each will be made up of north poles, and the other of soutn 
poles. Hence each magnet must possess at least two poles. 

The process of magnetisation, therefore, consists of the 
rearrangement of the molecules of the magnetic substance. 
The student can easily apply the theory to the methods of 
magnetisation already described. 

The process can be illustrated on a large scale by taking a 
test-tube filled with steel filings, and stroking the tube from 
one end to the other with a strong magnetic pole. It will be 
found that the tube of filings behaves as a magnet having 
poles at each end. The steel filings have become small 
magnets, and have arranged themselves along the tube under 
the action of the magnetic pole. If now the tube be shaken 
so as to mix the filings, all traces of magnetisation disappear. 
7 'he steel filings still retain their magnetisation, but, being nc^w 
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arranged in a haphazard manner, produce no magnetic effect 
as a whole. In this condition the tube furnishes us with a 
picture of a magnetic but unn.agnetised substance. 

If the new arrangement of molecules after magnetisation 
is a permanent one, the substance will retain its magnetic 
properties. If, however, the new arrangenjent should prove 
to be unstable, the molecules will return to their original 
haphazard grouping when the niagnctisyig force is removed, 



and the substance will only be a magnet so long as this force 
is acting. The former supposition corresponds to the case 
of steel ; the latter to the case of soft iron. 

257. Demagnetising Force. — Action of Keepers. — If we con- 
sider again Fig. 209 it will be seen that all the north poles of the 
elementary magnets are pointing in the direction of the north 
pole of the magnet itself. Now since like poles repel and 
unlike poles attract, the tendency of the big poles at the ends 
of the magnet is to cause the elementary magnets to swing 
round, and thus disturb the arrangement of the molecules 
which produces the magnetisation. The mere existence 
of the poles at the ends of the magnet thus produces a force 
tending to demagnetise the bar. This is known as the 
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demagnetising force. Thus under the continued action of the 
demagnetising force even a steel magnet will gradually lose 
its magnetic properties. 

This effect can be very greatly diminished by the use of 
keepers^ or armatures as they are sometimes called. Thus in 
the case of the very common form of magnet, known as the 
“horseshoe” magnet, shown in Fig. 210^!, if a small piece of 
soft iron is placed acioss the poles of the magnet it becomes 
magnetised by induction as indicated in the figure. Now 
the south pole induced in the keeper is very nearly equal 
to the north pole of the horseshoe magnet, and as it is of 
opposite sign, and very close to it, the two poles will almost 
neutralise each other. Similarly, the south pole of the horse- 
shoe magnet is practically neutralised by the north pole in- 
duced on the keeper. The system as a who?e is therefore 
practically without any free poles, and the demagnetising 
force is thus eliminated. 

Bar magnets are generally kept in pairs ; the north pole 
of each being placed close to the south pole* of the other. 
Two keepers are required. The arrangement is shown in 
Fig. 210A 



CHAPTER II 

iM A GNETIC AIE AS UIlfiMENTS 

258. Law of Force between Magnetic Poles. — We have 
seen that like poles repel and unlike poles attract each other. 
A few simple observations will be sufficient to show that the 
force between two poles, whether of attrai'tion o. rcpiilsio , 
decreases very rapidly as the poles are moved farther apart. 
An ordinary bar magnet, for example, has a practically 
negligible effect on a compass needle a yard or more away 
from it. 21ie force with which hvo magnetic poles attract or 
repel each oth£r is inversely proportional to the square of the 
distance between them. This law was propounded by Coulomb, 
and is known as the Law of Inverse Squares, It must bo 
understood that although the mechanism by which one mag- 
netic pole excits a force upon another may be obscure, yet 
the force exerted is exactly the same in kind as the forces 
with which we have dealt in Mechanic^ It can there- 
fore be measured by any means ordinarily employed for 
measuring forces if sufficiently sensitive. Tor example, the 
magnetic force can be balanced against the pull of a spring 
balance or against the attraction of gravity on a given weight, 
and when measured the force between two magnetic poles 
will be expressed in the usual unit ot force — that is, on the 
e.G.S. system in dynes. 

The force also depends on the degree to which the magnets 
have been magnetised. A knitting needle which has been 
magnetised by several strokes from a bar magnet will affect a 
magnetic needle more strongly than one which has only been 
magnetised by a single stroke. The strength of the magnetic 
poles therefore differs in different magnets. 

A magnetic pole is said to be of unit strength if when placed 
at unit distance ( i cm,) in air from an equal and similar pole it 
repels it ivith a force of i dyfie, 

' A magnetic pole is therefore said to have a strength of m 

378 
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units if, when placed at unit distance from a unit pole, it 
repels it with a force of m dynes. Thus if we have 
two magnetic poles of strength m and m' respectively, 
separated in air by a distance d cms., the force exerted by 
either of the poles upon the other is given by 

F= — dynes 

259. Magnetic Fields. — Any space in which magnetic force is 
exerted is called a magnetic fields or field of magnetic force, 
'rhus all the space around a magnet in which its force of 
attraction or repulsion can be experienced constitutes the field 
of the magnet. 

The strength of a magnetic field at any point is the force 
ivhich zvoutd be experienced by a unit 7nagnetic pole placed at 
that pohit. 

The magnetic field at a point is said to be of unit strength if 
a unit 7nagnetic pole placed at the givefi point tvould be acted upon 
by a force of i dyne. This unit has been given a special name, 
and is known as a gauss. A magnetic field is, therefore, said 
to have a strength of H gauss (or H dynes per unit pole) if a 
unit pole placed in the field e.xperiences a force equal to H 
dynes. It follows, therefore, that a pole of strength m placed 
in a field of strength H is acted upon by a force F, given by 
F = wH dynes 

• I 

'File strength of a magnetic field is often spoken of simply as 
“ the field.” 

If the strength and direction of a magnetic field are the same 
at every point in it, the field is said to be uniform. 

260. Magnetic Field due to the Earth. — We have already 
seen that a magnet suspended so as to be free to turn in a 
horizontal plane will set in a definite direction, and it can 
easily be shown that a definite force must be e.xerted to deflect 
the magnet from this direction. Thus, although the suspended 
magnet may be at a great distance from all other magnets, it 
is obviously in a field of magnetic force. We shall see later 
that this field is caused by the earth itself, which acts as a 
large magnet. 'Fhc strength of the earth’s magnetic field 
varies from place to place on the earth’s surface, but it may be 
regarded as uniform over the area of a laboratory, or even over 
a large district. The horizontal component of this field, that 
is to say, the component of it which acts upon a magnet whieVf 
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is free to turn only in a horizontal plane (like a compass needle, 
for example), has a strength in this country of about o*i8 gauss. 
That is to say, a unit magnetic pole would experience a force 
of 0*1 8 dyne in a horizontal direction. Magnetic fields arc 
generally measured experimentally by a comparison with the 
held due to the eaith. 

261. Equality of the Poles of a Magnet. — The opposite poles 
of a magnet are always of ecpial strengtji. If the magnet has 
more than two poles, the sum of the pole strengths of all the 
north poles is always numerically equal to the sum of the 
strengths of the south poles. This important result can l)e 

verified by a simple expeiirnent. A 
bar magnet is floated on a cork on 
the surfiice of a la*\,e bowl of wate 
It is therefore free to move in any 
direction over the surface. It will 
of course turn so as to bring its 
axis into the magnetic meridian, but 
will show no tendency to move in 
any direction over the surface of the 
water. There is rotation, but no 
translation of the magnet as a whole. 

Now if ;// is the strength of the 
north pole of the magnet and /// 
that of ,the south, and H the 
strength of the earth’s magnetic 
field, the mechanical force on the 
north pole is . H towards the 
north, while that on the south pole is w’ . H towards the south. 
Hence the resultant force tending to move the magnet to 
the north is equal to m . H — ///. H. But, as we have seen, 
there is no resultant force on the magnet. Hence — 

;//.H~;//.H = o 
m=nJ 

The two poles of a magnet are equal in strength^ though opposite 
in character, 

262. Couple on a Magnet in a Uniform Field. — As we have 
just seen, the action of a uniform field on a magnet is one of 
rotation only — that i.s to say, it is a pure couple. Let ns (Fig. 
21 1) be a magnet with its magnetic axis inclined at an angle 0 

\o the direction of the uniform field. If m is the pole strength 



Fig. 21 £. — Couple on a 
Mai^net in a Uiiifonii 
Field. 
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of the magnet, and II the strength of the field, the mechanical 
force on each pole is w . H. These forces are parallel, since 
they both act in the direction of* the field, but opposite, since 
the north pole tends to move in the opposite direction to the 
south. 

The strength of *he couple is equal to . H x (the arm of 
the couple) (S 52) =:,„,u.np 

where np is drawn perpendicular to the direction of the field. 

= m . \\{ns . sin 0 ) 

= /// . H . 2/. sin 0 

where 2/= magnetic length of the magnet. 

Hence tlie couple on a magnet in a uniform field of strength 

His given by c= 2/;//H sin 0 

It is greatest when the magnet is at right angles to the field, 
and decreases to zero when the magnet is parallel to the field. 
'J'hus a magnet, if free to turn, will set itself parallel to the 
direction of the field. 

263 . Magnetic Moment of a Magnet. — The product of the 
strength oj either of the poles into the distance behveen them is 
hiown as the magnetic moment of the magnet. 

Thus M the magnetic moment of a magnet of pole strength 
m and magnetic length 2/ *s given by 

M= 2 ml 

If we substitute this value in the equation above, we see that 
the couple on a magnet of magnetic moment M placed at an 
angle d to a uniform field of strength H is given by 

MH sin d 

If the magnet is held at right angles to a field of unit 
strength H= i and sin i. and the couple of the magnet is 
therefore equal to M. Hence — 

The magnetic 7 nomcnt of a magnet is the strength of the couple 
required to hold it at right angles to a field of unit strength, 

264 , Lines of Force. — A magnetic field is completely deter 
mined if we know at every point in it the strength of the field 
and the direction in which it acts — that is to say, the magnitude 
of the force which would be experienced by a unit north pole 
at any point in it, and the direction in which the pole would 
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begin to move. The direction of a magnetic field at different 
points in it can be best represented by a system of lines oj 
magnetic force, 

A line of magnetic force is a line drawn so that its direction at 
any point is the direction of the magnetic force at that point. 

Thus if ABC (Fig. 212) is a portion of a line of force, the 
direction of the force experienced by a single pole placed at 
any point B on the line would be the ditection of the curve at 
B — that is to say, in the direction of the tangent drawn to tlie 
curve at B. If it were j)ossihle to have an isolated ])oIe, then 
since the latter would move in the direction of tlie field it 
would, if placed at a point A on the curve, describe the curvi* 
ABC. Since the force on a north pole ’s al\v;i\'s in the 
opposite direction to that on a south pole, the two jjoIjs would 
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F'.g. 212. — Divigram to illustiule a Line of Force. 

• • 

describe the curve in opposite directions. It is customary to 
place an arrow on the curve to indicate the direction in which 
a north pole would move. 

It is impossible to deal experimentally with isolated poles. 
Suppose, however, we liave a small compass needle at the 
point B on the line of force. The north pole will be urged 
along the curve in the direction BC, while the south pole will 
be urged in the direction 13 A. The needle if free to turn will 
therefore set itself along the curve at B, as shown in the figure. 

'fhis property can be used to determine the lines of force 
in a magnetic field. Take a small compass needle anywhere 
in a magnetic field and allow it to come to rest. It will do so 
in the direction of the line of force at that point. Make a 
small dot under the north pole of the compass needle, and 
move the latter forwards until the south pole of the needle is 
over the dot. After the needle has again come to rest, make 
another dot under the new position of the north pole, and 



MAGNETIC MEASUREMENTS 383 

continue the process as far as may be desired. The line join- 
ing up this series of dots will obviously be a line of force in the 
magnetic field. By starting with the compass needle in differ- 
ent positions a series of such lines can be drawn and the whole 
field mapped out in the plane of the paper. (It must be 
remembered that though it is usual to consider only the field 
in one plane, that the magnetic field round a magnet is in 
three dimensions.) • 

A magnetic field can also be mapped out roughly by 



Fig. 213.— Lines of Force due to a Rir ^^.'lgnet. 


sprinkling iron filings over a sheet of paper placed in the field. 
The filings will become magnetised by induction, and will then 
.set themselves parallel to the lines of the field in exactly the 
same way as a compass needle. It was the little chains of 
iron filings obtained in this way that suggested the idea of lines 
of force to Faraday, to whom it is due. 

265. Magnetic Field due to a Bar Magnet. — Since a 
straight bar magnet is symmetrical about the magnetic axis, 
the field due to such a m.ignet must also be symmetrical 
about the axis. A north pole placed anywhere in the field 
would be attracted by the south pole of the magnet, and 
repelled by the north pole. It would, if free to move, be 
urged from the north to the south pole of the magnet follow- 
ing out a line of force. The lines of force due to a bar magnet 
therefore run in curves from its north to its south magnetic 
pole. The field due to such a magnet is shown in Fig, a 13. 
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If, however, we plot the field near a bar magnet in the ^ 
described in the previous section we shall not obtain a diagr 
like Fig. 2 1 3, and we shall also find that the diagram which we 
obtain will (iepend very much on the position in which we plj 
the magnet. It must be remembered that the earth posses 
a magnetic field, and the actual field which we map is 1 
resultant field obtain(*d by superposing the field duo to 
magnet alone upon that of the eartlv At points near 1 
rnagnet the former is the more important, and the lines 
force are sinciir to tlmse already des('ribed, but are sligh 
distorted by the action of tlie earth’s field. At grea 
distances from the magnet the earth’s field (which is consia 
while that of the magnet rapidly decreases with the dislam 



Fig. 2 14 -Linus of I'orce near a Har Magnet placed in the Kartli’s Kiel 

predominates, and the effect of the magnet ceases to I 
noticeable. 

The figures, 214 (a), (/;), and (tr), show the resultant fiel 
when a bar magnet is placed (^z) with its north pole pointir 
south, (/>) with its north pole pointing north, and (d-) with i 
magnetic axis pointing at riidit angles to the magnet 
meridian. 

The student is advised to familiarise himself with thes 
diagrams, and to make clear to himself why the lines of fore 
run as they do. 

266 . Determination of the Pole Strength of a Magnet froi 
the Magnetic Field. — It will be noticed that in each of th 
diagrams there are certain points (two in each) which seer 
to be avoided by the lines of force. These are known a 
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due to the m^net Bp«, . 

miri'Smod aJ that point wtmW therefore l«r 

pole tn\A have no tendency to move tn a.n- ihtertttW. 

SimWarly, a smaW «;ompass ik-cA\c p\accA al l\n! jxjint would 
have no resviUant couple u^jon it, and would set in anj- 
direction. » 

The simplest case is that of the diagram in Fig, 214a, 
Here the various forces acting on a north pole of strength ///at 
the neutral point are all in the same straight line. They arc 
(a) the force H;;/ due to the earth which tends to move a north 


pole placed it A in the direction AN, ( 3 ) the force due 

As^ 

to the south pole s of the magnet tending to move the pole 
in the direction Ar, and (^■) the force of the north pole 


« of the magnet tending to urge the pole in the direction «A. 
Since the resultant of these three forces at A is zero, the first 
and third, which act in the same direction, must be equal and 
opposite to the remaining force. Hence we have 




A«2 


/n/n 




The various distances can be .measured on the diagram 
obtained by mapping the field of the magnet when placed in 
this position, and the pole strength /n of the magnet can be 
deduced. 

The pole strength of the magnet can also be obtained from 
the map of the field with the magnet in other positions. In 
these cases the three forces no longer act in the same straight 
line. Since, however, the three forces are in equilibrium at 
the neutral point, the resultan*- force due to the action of the 
two magnetic poles must be equal and opposite to the field 
of the earth. The problem can be solved by substituting 
the values of the forces, as above, and applying the triangle 
of forces (§ 27). 

267 . Calculation of the Field due to a Magnet. — If the 
pole strength of the magnet is known, the field due to it at 
any point can be calculated. These calculations are specially ^ 
useful in the case of two standard positions of the magnet, 

25 
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known respectively as the “ end on ” and the “ broadside on ” 
positions. 

I. “ End ON ” Position. — A magnet is said to be in the 
end position if the point under consideration lies on the 
prolongation of the magnetic axis of the magnet. 

Thus, let N, S (Fig. 215) represent the poles of a bar 
magnet, and P a point on NS produced. Let O be the 

• 

SON p 

• Fig. 215. — Field due to a Magnet — “ End on ” I’osuion. 


centre of the magnet, and let the length of the magnet NS be 
2/, so that ON = OS = /. Let d be the distance of the point 
P from the centre of the magnet O. Then NP=(^/— /) and 
SP= (//+/). Consider a unit north pole placed at P. There 


will be a force upon it in the direction NP equal to -- and a 

Np2 

force of attraction due to the pole S acting in Hhe direction 

PS and equal to where m is the pole strength of the 

magnet. Hence, the resultant magnetic force F experienced 
by a unit north pole placed at P is given by 


'""NP^” SP2 

__ m m 

fn{tr^ + 2^//+ /“j — — 2^//+ /2)} 

_ j^mdl 
“"^^72)2 
^ 2Mdf 

where M is the magnetic moment of the magnet. 

2. “ Broadside on ” Position. — A line drawn through the 
centre O of a magnet at right angles to the axis is known 
as the magnetic egiuator. The magnet is said to be broad- 
side on” to any point lying on its magnetic equator. For 
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example, the magnet NS (Fig. 216) is “broadside on” to 
the point Q. 

The foiees on a unit pole placed at Q are {a) a repulbion in 
m 

NQ2’ 


the direction NQ cciual to and an attraction along QS 


equal to — By the geometry of the figure NQ=SQ, and 

the two forces are equ.d in magnitude. Their resultant, there- 
fore, is parallel to NS, that is, in the direction QF, and its 
magnitude can be found by the parallelogram of forces. It 
can be shown that if, as 
before, the length of the 
magnet —2/, and the 
distance OQ of the point 
Q from the centre of the 
magnet is then the field 
at Q in the “broadside 
on ” position is given by 
2W/ __ M 

where M is the magnetic 
moipent of the magnet. 

268 . Approximate For- 
mulae. — It frequcrUly hap- 
pens in magnetic experi- 
ments that the distance of 
the point which we are 
considering from the centre of the magnet is large compared 
with the length of the magnet itself. Under these circumstances 
I is small compared with and hence is very small com- 
pared with For instance, if ^ is 10/ (the half length of 
the magnet), then will be only -j-^th of d\ and may be 
neglected in comparison with it without causing an error of 
more than i per cent. The above formulae can then be 
considerably simplified. Thus, if the distance of the point 
from the centre of the magnet is large compared with the 
length of the magnet, wc have for the 

“ End on ” position — 



Fig. 216. — Field due to a Magnet — 
“Broadside on” Position. 
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“ Broadside on ” position — 



It will be noticed that the field at a given distanc e from the 
magnet is exactly twice as great in the “ end on as in the 
“ broadside on ” positTon. 

269 . The Magnetometer. — A small 
magnetic needld sets itself, as we 
have seen, with its axis parallel to 
p the resultant field acting on it. Sup- 
pose now that a small compass needle 
ns (Fig. 217) is acted upon by two 
magnetic fields at right angles to each 
other and of intensity H and F re- 
Fig. 217.— Principle of spectively. Suppose the needle comes 
the Miignetometer. to rest making an angle t) with the 
direction of the field H, then since 
ns produced is the direction of the resultant of II and F we 
have, by the parallelogram of forces, 

— =tan 6 

H 

F = II tan & 



^^^en the field F is not acting, the needle sets parallel to 
H. Thus & is the angle through which the needle is 
deflected by the introduction of the field F. If this deflexion 



can be measured and if H is known, the field F can 
be determined. The experiment is carried out with an 
instrument known as the magnetometer. 

The magnetometer in its simplest form consists of a small 
magnetic needle ns (Fig. 218) carrying a long light aluminium 
pointer P which moves over a circular scale graduated in 
degrees. The needle is supported on a steel point at the 
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centre of the scale so as to turn freely in the horizontal plane. 
In the absence of other magnets the needle sets in the 
magnetic meridian under the action of the earth’s magnetic 
field H. The pointer is then at right angles to the meridian 
— that is, approximately east and west. 

The instrument is usually mounted on two wooden arms 
fitted with boxwood scales, the zeros of which are at the 
centre of the needle. •The reading on the scale thus gives 
the distance from the centre of the needle. The instrument 
is generally used with the arms at right angles to the meridian. 

270. To determine the Magnetic Moment of a Magnet by 
the Magnetometer. — The magnetometer is set with its arms 
at right angles to the needle, that is, parallel to the pointer, 
and the magnet is placed with its axis along one arm and its 
centre at some suitable distance d (say 15 cms. or 20 cms.) 
from the centre of the circular scale. The deflection is 
measured. It is desirable, in order to ensure an accurate 
result, to reverse the magnet after reading the deflexion so 
that the north pole occupies the position originally occupied 
by the south. This eliminates the error which might arise 
from the poles of the magnet not being at equal distances 
from its geometrical centre. The new deflexion is measured, 
and the experiments are then repeated at the same distance 
from the needle, but on the other arm of the magnetometer. 
This procedure eliminates the error which might arise if the 
zero reading of the two scales should happen not to coincide 
exactly with the centre of the magnetometer needle. The 
mean of these four deflexions is taken as the true reading. 

If F is the field due to the magnet at the centre of the 
needle, then we have as above 

F=H tan d 

But since the magnet is “ end on ” to the magnetic needle, 
we have also 



using the approximate formula of § 268. Hence the magnetic 
moment of the magnet is given by 


2M 


= H tan 


tan d 
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The reading;s may be re{)ealed at different distaiv es from the 
needle. The value of M will be found to be eon aant witliin 
the limits of experimental error. As the formula is d(‘duee(l 
on the assumption of the law of inverse stjuares, the constancy 
of the value obtained for M affords a proof of the accuracy 
of the law. 

To compare the magnetic moments of two magnets, they 
may be placed in turn on the magnetonieter with their centres 
at the same distance from the needle. If tl, / are the 
deflexions produced, and M, M' the magnetic moments of 
the magnets, then, since H and d are the 

n same in both cases, we have, from the ecjua- 
tion above, 

M tan 


i 

.A.. 

0 



Fig. 2 ii> — The 
Vihralinn Mag- 
netometer. 


M' tan / 

271. Time of Vibration of a Magnet in a 
Uniform Field.-- If a magnet is suspended 
so that it can turn freely in a magnetic 
held, and is displaced through a small angle* 
from Its c<]uilil)rium j)ositi<)n, it will be found 
t<; Nihrate lor some lime about its position 
of ecjuilibrium before coming to rest. 'Fhese 
vibrations are isochronous - that is to .say, 
(‘a('h ('omplete vibration tak/hs e.xactly the same 
time. The time of one ( omplete vibration 
of the magnet is given by the formula 

V M . H 


where T is the time of vibration, M the magnetic moment of 
the magnet, H the strength of the field, and Iv a constant 
depending on the mass and shape of the magnet, and knowm 
as its moment of inertia. It can be calculated for regular 
solids. 

A small magnetic needle suspended by a fine thread of 
unspun silk, and weighted (to increase the time of vibration), 
can be used for the comparison of magnetic fields, and is 
known as the vibration magnetometer. A simple form is 
shown in Fig. 219 . 

Let T^ be the time of vibration in a magnetic field of 
• strength H^, and Tg that in a field of strength Hg. The time 
of one vibration can be obtained accurately by finding with a 
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stop-watch the time taken by the needle in making, say, 
50 comj)lctc vibrations, and dividing the time taken by the 
number of swings. Then 



H T 2 


If we wish to measure the field due to a magnet at a 
given distance d from its centre, we must first find the time 
of swing in the earth’s field H alone. Let it be T^. Then 
place the magnet so that its field at the magnetometer needle 
is parallel to that of the earth and acts in the same direction. 
Then if F is the field due to the magnet alone, the resultant 
field on the magnetometer needle is F + H ; and if Tg is the 
corresponding time of swing (which will be less than before) 
we have, substituting in the equation above, 


H 

H + F“T> 


If the magnet has been arranged so that F is its field in 
one of the standard positions, its magnetic moment can 
be deduced from the formulae in § 267. 


EXAMPLES. 

1. What force is exerted upon a magnetic pole of strength 
10 units by a pole of strength 36 units at a distance of 
6 cms. from it? 

2. Two equal magnetic poles are found to repel each 
other with a force of 16 dynes when placed 2 cms. apart. 
What is the pole strength ? 

3. A magnet of magnetic moment 1000 lies in a field 
of intensity o*i8 gauss. What couple will be required to 
keep it at an angle of 30° to the direction of the field ? 

4. Calculate the field due to a bar magnet of moment* 
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aooo at a point on its axis produced at a distance of 40 cms. 
from the centre of the magnet, using the approximate 
formula. 

5. A bar magnet placed in the “ end on ” position produces 
a deflexion of 15® in the needle of a magnetometer when the 
distance between their centres is 30 mis. What is its 
moment ? If the distance between the poles of the magnet 
is 6 cms., what is the pole strength? /H=o*i8 gauss.) 

6. Two short bar magnets are placed in turn with their 
centres 40 cms. distant from the needle of a magnetometer. 
If the deflexions are respectively 15° and 20®, compare their 
moments. 

7. Two short bar magnets produce the same deflexion on 
a magnetometer needle when their centres are respectively 
20 and 30 cns. distant from the needle. Wh.it is the ratio 
of their magnetic moments? 

8. A bar magnet 18 cms. long is placed in the meridian 
with its N-pole pointing south, and a neutral point is found 
30 cms. to the south of the centre of the magnet. If the 
horizontal component of the earth’s field is 0*18 gauss, 
calculate the pole strength of the magnet. 

9. A long bar magnet is placed with its N-pole 10 cms. to 
the south of a small magnetic needle, and the needle is 
found to make 50 vibrations in 40 seconds. When vibrating 
in the earth’s field (o*i8 gauss) alone the needle makes 
50 vibrations in 80 seconds. Assuming that the S-pole 
of the magnet is so far away that its effect may be neglected, 
calculate the strength of the N-pole of the magnet. 
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TCUREyrRIAL MAGNETISM 

272. Magnetic Declination. — We have already seen that a 
compass needle at a distance from other magnets sets in a 
definite direction, to which it returns if displaced. This 



(From Sir J. J. Thomson’s Electricity and May^netnm^ 


shows that the needle is in a field of magnetic force, which 
can only be ascribed to the earth itself. The direction of the 
compass needle, which is approximately north and south, 
is known as magnetic north and south. The direction of the 
axis of the compass needle is the magnetic meridian at the 
place. The angle between the magnetic north and south 
and the geographical north and south, that is to say, the 
angle between the magnetic and the geographical meridians, 
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is known as the declination. The declination varies from 
place to place on the surface of the earth. At present in 
this country the compass needle points about 17® to the west 
of the geographical north; the declination is thus about 17® 
W. The declination decreases as we pass farther east until 
along a line running approximately north and south, through 
Finland and Asia Minor, the declination is zero — that is to 
say, the geographical meridian and Hhe magnetic meridian 
coincide. Tbc line joining points where there is no declination 
is known as the ih^onic line. At points to the east of this line 
the declination is to the east. 



Fig. 221. — Lines of Kqual Dip. 

(Frum Sir J. J, 1 iKjinvm’:, l.lectt icily uni Magnetism ) 


As it is very important to mariners who use the compass 
for the purpose of .setting their cour.se to know the exact 
direction of the geographical meridian with respect to the 
compass needle, maps are conrtriicted on which lines arc 
drawn joining up the different places on the earth’s surhicc 
where the declination is the same. The.se lines are known as 
isogonals. Such a map is shown in Fig. 220. It will be seen 
that the i.sogonals are somewhat irregular in distribution. In 
addition to the agonic line already mentioned, there is a second 
one running through the American continent, while a third 
^ forms a loop round eastern Siberia. This is known as the 
Siberian oval. 
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The declination is not constant, but varies steadily from 
year to year. At present the declination in this country 
is decreasing. 

273. Magnetic Dip. — A compass needle is only free to turn 
in a horizontal plane, and therefore only responds to the 
horizontal component of the earth’s magnetic field. Suppose 
now we susi)end a bar of steel by a fine thread from its 
centre of gravity. It will he in equilibrium as far as gravi- 
tational forces are concerned, and will rest in any position. 
Let us now magnetise the bar and suspend it from the same 
point. It will be found that not only does the bar turn 
round so as to point in a northerly direction, but its north 
pole dii)s downwards towards the earth, the axis of the 
magnet making a very considerable angle (about 69 ° in this 
country) with the horizontal. The total field due to the 
earth is therefore inclined to the horizontal at a considerable 
angle. 

The an^le between the direction of the earth! s field and the 
horizontal is knoiun as the a?igle of dip, or the inclination. 

The inclination or dip varies from place to place on the 
earth’s surface. At a point in Nova Zembla the dip is 90 ® 
— that is, the needle points vertically downwards. As we pass 
farther south the dip gradually decreases, until at places 
near the h^cpiator the needle sets horizontally, and the dip is 
zero. ' A line drawn joining up the places on the earth’s 
surface where the dip is zero is known as the magnetic 
equator. It corresponds roughly with the geographical 
eciuator. On passing to the south of the Equator the needle 
again begins to dip, but this time it is the south pole which 
points downwards. This southerly dip increases until it 
reaches 90 ° at a point in the Antarctic Circle. Lines drawn on 
a map joining up places of equal dip are known as isoclinals 
(Fig. 221 ). They are roughly parallel to the geographical lines 
of latitude. 

274. The Earth as a Magnet. — The results we have been 
considering indicate that the earth behaves like a magnet. 

If we suppose that the magnetic state of the earth can be 
represented by a bar magnet beneath its surface, we are able 
to account in a general way for the phenomena observed. It 
is obvious that since the north pole of a compass needle is 
attracted towards the north, that the northern end of this big , 
magnet must be a south pole, and the southern end a north 
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pole, as marked in Fig. 222. If we draw the lines of force 
due to such a magnet, then, remembering that a magnetised 

needle free to move in any 
direction sets along the 
lines of force, we see that 
such a needle would point 
vertically downwards at a 
point immediately above 
[ the northern end of the 
magnet, and that the dip 
would gradually decrease 
until on the magnetic 
equator of the magnet the 
needle would be parallel 
to the surface of the earth, 
and the dip consequently 
zero. South of the Equator the 
south pole of the needle would 

Fig. 222.— The Karth 1 begin to dip, the clip increasing 
a Mai^net. until a point was reached immedi- 

ately above the soutliern end of 
the magnet. The main phenomena of the dipping needle 
are thus reproduced. 

The magnetic axis of the earth m angle of about 

17® with the axis of rotation of the 
earth. As it cuts the surface in Nova 
Zembla, to the west of England it is B 
evident that the compass needle which 
sets along the lines of force will point 
in this country to the west of the 
true geographical north. 

The values of the various magnetic 
constants are not constant, but vary 
gradually from year to year. 7'his 
seems to be due to a gradual rotation C 

of the magnetic axis of the earth about 

the geographical axis, a complete Fig. 223.— Diagram to illus- 
rotation occupying about 960 years. Karth’?iqelT^"^** 

The cause of this rotation is unknown. 

275. The Intensity of the Earth's Field. — I'he earth's 
.horizontal field is only one component of the total field due 
to the earth. If the plane of the paper in Fig. 223 is the 
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plane of the magnetic meridian, and if AC represents the 
direction of the total field due to the earth, and AB the 
horizontal, then the angle BAC L the angle of dip 3 , and it is 
evident that the horizontal component of the total field F is 
given by 

. H = F cos 3 

Thus, if H and d are known, we can calculate F. 

The horizontal component of the earth’s field requires two 
experiments for its determination, which are both made with 
the same magnet. In the first experiment this magnet is 
used to deflect the needle of an ordinary magnetometer. 
Then, as before (§ 270), we have 

tan ^ 

^ = tan 

where M is the magnetic moment of the magnet and H the 
horizontal component of the earth’s magnetic field. This 

. M 

experiment gives us the ratio 

The same magnet is then suspended by a silk fibre so as 
to turn freely in a horizontal plane. The time T of vibration 
in the earth’s horizontal field is then taken. Then (§ 271) 

-vs 

'ps 

We have thus a value for MH. The moment of inertia 
K of the magnet can be calculated from its mass and dimen- 
sions. By dividing the second of these equations by the first 
a value for is obtained, and H can thus be calculated. 

The value of H increases^ from the north magnetic pole, 
where it is of course zero, to the Equator, where its value is 
about 0*35 gauss. In this country its value is about o’lS 
gauss. 

276. Measurement of the Dip. — ^The angle of dip is deter- 
mined by means of a special instrument known as a dip circle 
(Fig. 224). A long magnetised needle is suspended from a 
steel axis, driven through it exactly at its centre of gravity. 
The needle is supported on agate bearings at the centre of a 
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vertical graduated circle. The circle is turned until it is in 
the magnetic meridian, and the needle is thus free to turn 
in the vertical plane containing the magnetic meridian. It 
therefore sets itself along the lines of the earth’s total magnetic 
field. The angle made by the axis of the needle with the 
horizontal is the angle of dip. 

The simple form of dip circle illustrated in Fig. 224 shows 
the principle of the dip circle, but $ much more elaborate 
instrument is required if the dip is to be determined with 
accuracy. 

As we have seen, when H and d are known the total intensity 

F of the earth’s magnetic field 
is given by 11 = F ^'os d. The 
value of F in this country is 
about 0*48 gauss. 

277. Magnetisation by the 
Earth’s Field. — If a long steel 
bar is held roughly in the direc- 
tion of the earth’s magnetic 
field (that is, parallel to the dip 
needle), and struck a few times 
with a hammer, it will be found 
to have become magnetised 
by the induction of the earth’s 
magnetic field. 'J'he end point- 
Fig. 224. — bmiplo Dip c irrle. ing towards the north will be a 

fwrth pole, since the pole of 
the earth to which it is pointing has a south polarity. 
This phenomenon has important practical bearings. Modern 
ships are built largely of steel, and the hammering which they 
undergo in course of construction produces permanent 
magnetism in the structure. Tliis would have a very serious 
effect upon the ship’s compass if it were not compen.sated 
for by fixing other permanent, magnets round the compass 
box in such positions that they produce a field exactly eijual 
and opposite to that due to the magnetism of the ship, "rhe 
steel girders used in large buildings become magnetised in 
a similar way, and have a very considerable effect on the 
magnetic field within the building. 
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EXAMINATION QUESTIONS. -X IV 

1. Give a short account of the most important properties 
of a magnet. 

2. What is meant by the strength of a magnetic pole ? 
How would you show |hat the poles of a bar magnet were 
equal in strength but opposite in sign ? 

3. Describe in detail how you would magnetise a given 
knitting needle. How would you prove that the needle had, 
become magnetised ? 

4. What is the molecular theory of magnetism ? Describe 
experiments' in support of it. 

5. What is the magnetic moment of a mrignet? How 
would you compare the magnetic moments of two magnets ? 

6. How is the strength of a magnetic field defined? 
Describe an instrument for comparing the strengths of two 
magnetic fields, and explain how it can be used for comparing 
the field strengths at different distances along the axis pro- 
duced of a bar magnet. 

7. A short magnet is placed in a horizontal plane with its 
axis in the meridian and its north-seeking pole pointing south. 
It is found that at a point on the axis 20 cms. to the south of 
its micf-point the resultant field is zero. If the horizontal 
component of the earth’s magnetic field is 0*20 dyne per 
unit pole (gauss), what is the magnetic moment of the 
magnet ? 

8. Explain what is meant by a line of force. Why do 
lines of force never cross ? Draw a diagram of the lines of 
force near a bar magnet ])laced in the magnetic meridian with 
its north pole pointing south. 

9. Sketch the general form of the lines of force due to a 
bar magnet, and point out hojv the actual form of the lines is 
modified by the earth’s magnetic field when the magnet is 
placed in an east and w^est position. 

10. What reasons are there for stating that the earth is 
magnetised ? State what you know of the distribution of this 
magnetism. 

11. What is meant by magnetic dip? Give a general 
account of the way in which the dip varies over the surface of 
the earth. 



400 


MANUAL OF PHYSICS 


12. Describe a vibration magnetometer, and explain how 
it is used to compare the strengths of two magnetic fields. 
A magnetic needle makes ‘one complete oscillation in four 
seconds at a place in England where the value of H is o*2o 
gauss. What will be the value of H at a station where the 
same needle makes one oscillation in three seconds? 



CHAPTER IV 


ELECTRICAL CHARGES— ELECTRIC 
INDUCTION 

278. 'Slectrical Attractions. — If a stick of ebonite or seal- 
ing-wax is ruobed with flannel it is found to attract small 
pieces of paper, feathers, pith balls, and other similar light 
objects. The rod is said to have become electrified^ or to have 
acquired a charge of electricity. The attraction of the rod for 
the paper is called electrical attraction, and is said to be due 
to the presence on the rod of a charge of electricity. The 
property is not confined to ebonite and sealing-wax. Under 
proper conditions any body can be electrified by friction with 
a suitable rubber. 

279. Two Kinds of Electrification. — If an ebonite rod is 
electrified by friction and suspended horizontally by a silk 
thread so as to be free to turn, and if a second ebonite rod 
electrified in the same way is brought near one end of the 
first, it will be found that the two rods repel each other, the 
suspended rod turning away from the other. If, however, a 
glass rod is rubbed with silk and brought near the end of the 
suspended charged ebonite rod, it will be seen that the ebonite 
is attracted by the charge on the glass. There are thus hvo 
kinds of electricity^ as there are two kinds of magnetic poles. 

Like electrical charges repel ; unlike electrical charges attract 
each other. 

The law is thus the same as for magnetic poles. 

The kind of electricity excited on a glass rod when rubbed 
with silk was called vitreous electricity, while that excited on 
ebonite or sealing-wax by flannel was termed resinous. These 
names are obsolete. It was found that if equal charges of 
vitreous and resinous electricity were transferred to the same 
body, the body showed no signs of any electrification. The 
two electricities exactly neutralised each other, and the result- 
26 
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ing charge was zero. Hence, by analogy with the mathe* 
matical symbols plus and minus, the two ele('tiieities were 
called positive and respectively, since the addition of 

two equal but opposite charges produces a zero charge, just as 
the sum of two equal positive and negative numbers is 
zero. The vitreous electricity is termed positive ( + ) and the 
resinous^ negative ( — ). The choice was i)erfcctly arbitrary. 
Charges of like sign repel each other, charges of unlike 
sign attract each other. Charges of either sign will attract 
uncharged objects. 

280. Conductors and Insulators. —If a brass rod is held in 
the hand and rubbed with llannel, it will show no signs ol 
electrification. If, however, the brass rod is fitted with an 
ebonite handle by which it can be ht‘ld, so that no part of 
the hand comes in contact with the brass, the biass rod bL 
comes strongly electrified when rubbed with the flannel. The 
cause of this is not tar to seek. Let us touch the brass rod, 
while so electrified, with the hand. 'I'he chaige at once dis- 
appears. Similarly, if we touch the brass rod with a piece of 
metal of any kind, a damp cloth, or a stick of charcoal, the 
charge at once disappears. If, however, we touch the charged 
rod with ebonite, sulphur, wax, or dry silk, the rod remains 
charged. Thus substances may be divided into two classes, 
according as they do or do not permit electricity to escape 
through them. Substances which allow the electricity to pass 
through them are called conductors ; those which prevent its 
passage, or allow it to pass only very slowly through them, 
are termed non-conductors, or, more usually, insulators. All 
metals, charcoal, water, the human body, etc., are conductors ; 
sulphur, ebonite, dry glass, rubber, wax, shellac, etc., are in- 
sulators. It is obvious that the air is also an insulator, since 
a rod surrounded by air does not immediately lose its charge. 

The difference between insulators and conductors, although 
often very marked, is only one of degree. The best con- 
ductors offer some resistance to the passage of the electricity, 
while even the best insulators allow electricity to pass through 
them siowly. 

A body is said to be insulated if it is completely surrounded 
by non-conductors. Since the air is a very good insulator, a 
body will be insulated if it is supported on a plate of non- 
conducting material or fixed on a non-conducting stem, as in 
the case of the brass rod already considered. Sulphur is one 
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of the best insulators known, but has the disadvantage of 
being brittle. Ebonite, if its surface is clean, is very efficient 
and convenient. The glass stems covered with varnish, 
commonly used in the older electrical apparatus, were very 
unsatisfactory owing to the tendency for a conducting film of 
moisture to form on the surface. 

A body which is connected to the ground by a conductor 
is said to be earth-connected^ or earthed. The earth, the con- 
ducting wire, and the body then form part of one continuous 
conductor, over the whole of which the electrical charge on 
the body can spread. Since the earth is very large com- 
pared with the electrified body, the fraction of the original 
charge which remains on the body after earthing is infinitesimal. 
Practically the whole charge flows to 
earth, along the conducting path, and 
the body is discharged. 

A body can be efficiently earthed by 
connecting it to the water-pipes by 
means of a conducting wire. For most 
purposes the body can be sufficiently 
well earthed by touching it with the 
hand, the human body being a con- 
ductor of electricity. 

Thus, when a brass rod held in the 
hand is rubbed, the electricity generated 
on it passes immediately through the 
hand to the earth, and for this reason 
the rod appears uncharged when tested. 

To obtain a charge on a conductor by rubbing, it is necessary 
to hold it by an insulating support. 

281 . Electroscopes. — An instrument for detecting electrical 
charges is called an electroscope. Thus the suspended 
charged ebonite rod of § 279 is a simple but inconvenient 
form of electroscope. 

The gold-leaf electroscope is a more convenient instrument. 
A brass rod A (Fig. 225) pas.scs through an insulating stopper B 
(preferably of sulphur or ebonite) into a box C, the front and 
back of which are made of glass so that the interior can 
be observed. The sides of the box are lined with tinfoil, 
which should be earth-connected (the laboratory bench will 
generally be a good enough connector). Two strips of gold leaf 
dy d are mounted at the lower end of the rod, and hang down 
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Fig. 225. — The Gold- 
T.eaf Electroscope. 
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side by side when the rod is unchained. If a ehar.n* is given 
to the upper surfaee of the rod (wliK'h usually lakes tint fonn 
of a flat brass plate or a brass knob), the charge spu ads to all 
parts of the rotl and the gold leaves. 'I'he latter, theielore, 
being similarly charged, repel each oilier aiul stand apart as 
shown in the figure, the magnitude of the divergence' being a 
rough measure of the strength of the charge on the leaves. 
The instrument can thus be used /or detecting electrical 
charges. 

If we charge an electroscope by rubbing the iip[)er plate 
with a charged ebonite rod, the charg(‘ on the electroscope 
will be of the same sign as that on the rod — that is, negative. 
If another negatively c harged rod is now brought near the cap 
of the elec'trosi'opc*, the leaves will diverge still more. If, 

however, a positively charged body 
{c\v- ^ rubbctl glass rod) is brought 
J near the cap the leaves will collapse. 
An electroscope can thus be used to 
determine not merely the presence 
but also the sIlui of an electrical 
charge. If the c'lectroscope is 
( barged negatively, an inrrt\ise in 

Fi.;. 22<^c-~Pro<^f rime the divergt^nce of the leaves indi- 
cates lht‘ presence of a ni'gative 
charge ; if it is ])o>iti\«*iy charged, an increase* in the divergence' 
indicates the jire^enc'e of a positive charge. 

A collap'^e c;f the leaves may, as we have seen, indicate 
the presence of a charge of opi)osite sign to that on the 
instrument, Init is not in itself conclusive. If an earth con- 
nected conductor is brought near the cap of an electro 
scope charged with either sign, it will be found that the 
lea\'es collapstc The only su?'c test for the presence of a charge 
of y^iven sii^n is to obtain an ificrcase in the divery^e?ice of the 
leaves of a suitably charged electroscope. 

A body may be too highly charged to be brought near an 
electroscope with safety, or it may be of siicli a si/e as to be 
inconvenient to move. In this case a proof plane may be 
used. A proof plane consists of a conducting metal disk 
(Fig. 226) mounted on an insulating handle. 'Fhe disk is 
placed in contact with the body whose electrification is to be 
tested, and takes some of its charge. The proof plane is 
then brought near the electroscope, and the sign of its charge 
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tested ill the usual way. This will be the sign of the charge 
on the body. 

282. Electrical Induction. — A body, as wc have seen, may 
i)ecome eleelrdled by actual contact with another electrified 
body. In this case the charge is shared between the two 
bodies, the charge gained by the one body being lost by the 
other. This may be termed elcctriiication by conduction. 
It is possible, however, to obtain a charge on a conductor, by 
the action of another charged body, without the latter losing 
any of its charge. Suppose an insulated positively charged 
sphere A is brought near one end of an insulated elongated 
conductor such as BC (Fig. 227), it will be found that the 
end B ne'^rest the positive charge A acejuires a negative 
charge, while the end 

Cbecomes positively 4. — + 


charged. These 
statements can read- 
ily be tested by 
means of an electro- 
scope and proof 
plane. If, without 
touching BC, the 
charge A is with- 
drawn, BC will i)e 
found to be un- 
charged. 




'Fhese results are 
conveniently ex- 


Fi(i. zzy . — KxjK'innLnt to illuxti;Uc 
Klectric.il Indiiciion. 


plained by assuming 

that an uncharged conductor contains indefinitely large but equal 
charges of positive and negative electricity. Since tlie charges 
are equal and opposite they neutralise each other, and the con- 
ductor as a w'hole has no electrical action. When, however, 


the charged body A is brought near one end of the conductor, 
it attracts the negative charge within the conductor and repels 
the positive, and, as the charges are free to move, ^he end B 
becomes negatively and the end C positively charged. This 
process is knowm as induction, and may be compared with 
magnetic induction. 

"J'hiis, if a charge of electricity is brought near an insulated 
conductor, a charge of electricity of opposite sign will be 
induced on those portions near the inducing charge, while the 
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portions farther away will become charged with c. ctricity of 
the same sign as the inducinj^ charge. 

These induced charges disappear when the indiumg charge 
is removed, providing that the conductor remains insulated 
throughout the experiment. It follows, therefore, that the 
induced charges were opposite in sign but equal in amount. 
Suppose, however, that while the charge A is in i)Osition, 
the conductor BC is earthed, by touching it with the finger. 
The earth and BC now* form part of one big conductor. 
The negative charge is again inducted on the portion B of 
this conductor near A, while the positive charge is induced 
on the portions most remote — that is, on the earth its(‘lf. 
If the earth connection is now broken (without r^nioving A) 
the negative charge on BC is separated from the positive 
charge whicn has gone to earth. The two charges, there- 



Fig. 22S.*--Char|4ing an Fleet ruscope hy Induction. 


fore, can no longer recombine when A is withdrawal. The 
conductor BC is thus left with a permanent negative charge, 
which has been produced by induction without any decrease 
in the positive charge on A. 

T'he process of induction is the most convenient way of 
charging an electroscope. Bring up near the cap of the 
electroscope a negatively charged rod. The leaves diverge with 
negative electricity, while the cap which is nearer the inducing 
charge becomes positively charged. While the rod is near 
the electroscope touch the cap of the electroscope with the 
finger for a moment. The leaves collapsti since the charge 
upon them now goes to earth. Withdraw the finger, 
leaving the electroscope insulated, and then withdraw the 
charged rod. The electroscope will be left with a charge of 
opposite sign to that of the rod. These operations are in- 
dicated diagrammatically in Fig. 228. Thus, to charge an 
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(‘l»;ctros<:o{)e by induction, we use an ebonite rod; 

while to charg.i it negatively by induction we use a rubbed 
glass rod. 

283 . Farada/s Ice-Pail Experiments. — The process of 
electrostatic induction was investigated by Faraday. Let us 
stand a tall tin can (Fig. 229) on the cap of our electro- 
scope, which we will suppose to be discharged. In Faraday’s 
original experiments anvice pail was used — hence the name of 
the experiment. 

1. Introduce inside the can an insulated metal ball carrying, 
say, a positive charge. The leaves of the electroscope will 
diverge with a charge which can be shown to 
be positi/e by bringing a positively charged rod 
near the cap of the electroscope. Move the ball 
about in the can without touching the sides. 

I'he divergence of the leaves remains the same. 

Withdraw the ball without touching the can. 

The leaves collapse. On testing the ball it will be 
found to have retained its charge. The positive 
charge on the ball induces a negative charge 
on the inner walls of the vessel and a positive 
charge on the outer wall which charges the gold 
leaves. These results were to be expected from 
our previous experiment. We learn, however, 
further that when the inducing charge is practi- 
cally completely surrounded by a metal vessel 
(as in the present experiments) the magnitude 
of the induced charge is independent of the 
position of the ball within the vessel. 

2. Introduce the charged metal ball as 

before, and while it is still in the can, earth Experiment, 
the can for a moment by touching it with the 
finger. The leaves col Lapse. On withdrawing the ball the 
leaves diverge again to exactly the same extent as before, 
but this time the sign of the charge is negative. The 
positive charge has passed to earth, leaving only the induced 
negative charge on the can. Since the divergence on with- 
drawing the ball is the same as before, the negative induced 
charge is exactly ecjual to the positive induced charge. 

3. Discharge the electroscope, and again introduce the 
positive charged ball. Now allow it to touch the sides of the ^ 
can. The divergence of the leaves is quite unaffected by the 
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contact. On withdrawing the ball the leaves still i(?tain theii 
divergence, but on testing the ball it will be found to be com- 
pletely discharged. The positive charge on the ball has been 
exactly neutralised by the negative induced charge on the walls 
of the can. Hence we have this important result : 

If a charge is introduced into the interior of a closed conducting 
vessely t he induced charges are eoual in magnitude to the induchi/ 

cti^^^e. — ^ 

'“ In the case of a conductor which does not surround tlu* 
inducing charge, tlie induced charge upon the conductor will 
be less than the inducing charge. A few e\perinu'nts on 
charging an clcctrosco[)e by induction will 
show that the induced charge ’'roduced on 
the leaves becomes greater the close the 
inducing rod is held to the elcctroscopi-. 
d'his. however, i.s not a contradiction of 
the law. d'lu* total charge induced by 
the electrified rod is (Niual to the charge 
upon the rod itself, but it i.s not all con- 
centrated on the electro.scoiie. ('harges 
are induced b\ the rod on all neighbouring 
conductors, e.g.y on the walls, ceiling, and 
floor of the room. If we could collect 
all these induced charges we should find 
that they were eciual to the charge on the 
rod. If the rod is brought nearer to the 
electroscope a greater amount of the charge 
is induced on the latter and less on other 
conductors. Hence the increased diver- 
gence of the leaves. 

284 . Attraction of Uncharged Bodies. — The attraction of 
uncharged bodies by an electric charge is an induction effect. 
Consider a small pith ball A (Fig. 230) near a negatively 
charged rod B. The negative charge on B induces a positive 
charge on the side of the ball nearest the rod, and a negative 
charge on the farther side. These charges arc etjual in 
magnitude, but since the positive charge is nearer to the rod 
than the negative, the force of attraction between the negative 
and positive charges is greater than the force of repulsion 
between the two negative charges, and the ball is attracted to 
the rod. The action is therefore similar to the attraction of a 
piece of unmagnetised iron by a magnet (§ 254). 


A 



IM 

Fig. 230. — AUraclion 
of an U ncharged 
Body. 
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285. The Charge on a Conductor lies on the Surface. — 

Electrify a hollow metal cylinder (one of the tall cans used in 
the ice-pail experiments will do; as strongly as possible, and 
test the electrical condition of the different parts by means of 
a proof plane and electroscope. It will be found that a charge 
can be collected by the plane from all parts of the outer surface 
of the can, but that when the inside of the can is tested by the 
plane no charge at al is carried away by it. The charge 
resides entirely on the outer surface. 

This fact was demonstrated by Faraday in a rather interest- 
ing way. He made a box sufficiently large to contain himself 
and his electrical measuring instruments. The box was made 
conducting by covering its surface completely with copper w'ire 
and tinfoil, and was insulated from the ground by glass stands. 
I'araday entered the box, which was then charged by a large 
electrical machine so that sparks of considerable length could 
be taken from any part of its surface. In the interior, how- 
ever, not the slightest electrical effect could be detected, and 
the sensitive electroscopes inside the box were quite un- 
disturbed by the great electrical forces without. The whole 
of the electrical effect was confined to the exterior of the box. 
The statement that there is no charge on the inner surface 01 
a closed conductor is only true if there are no charged bodies 
inside it, which are insulated from it. Thus, as we have seen, 
whert a positively charged ball is held inside a tall metal can 
there is an induced negative charge on the inner walls of the 
can. If, however, the ball is f)laced in contact w’ith the inner 
surface of the can so that the two form part of the same con- 
ductor, it wall be found on taking it out, that it is completely 
discharged ; the whole of the charge having passed from it to 
the outer surface of the can. 

286. Distribution of Cnarge on the Surface of a Con- 
ductor. — If an insulated pear-shaped conductor (Fig. 231^) 
is charged, and the state of electrification tested in the usual 
way with a proof plane, it wall be found that the plane collects 
a greater charge from the pointed end A than from the broad 
end B. The amount of charge on unit area of a surface is 
kfunvn as the surface density of electrification. Thus the surface 
density is greater at the sharp end A than at the broad end B. 
We may represent the surface density on a conductor by 
drawing dotted lines round it so that the distance of the 
dotted line from the conductor at every point is proportional 
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to the surface density at that point. It is fount! that the 
surface density becomes very great at places where the 



Fig. 231. — Diagram to show Distribution of a Chaige on the 
Surface of a (a>n<luclor. 


curvature of the surfatv is large — for t‘xam[)lt‘, at the point A 
of the conductor Ali, at the edge of a Hat disk (Fig. 231/^), 

and ahovt‘ all at a 
sharp point. d'he 
density at a sharp 
I)oint becomes so 
great that it breaks 
down the insulation 
(jf the air around it, 
and so allows the con- 
ductor to discharge 
itself. On account of 
this discharging action 
of a point, conductors 
which arc intended to 
retain a charge should 
be made as smooth 
as possible, and no 
projecting parts or 
points should be 
allowed. 

If a needle point (Fig. 232) is attached to a charged 
conductor, a candle flame held near the point will be blown 



Fig. 232. — Disch.-irging Action of a Point. 
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away from tli<‘ point, showing that a strong current of air is 
flowing from the point away from the conductor. This current 
consists of a stream of particles pf air which have become 
charged by the electrical forces near the point, and are then 
repelled by the charge remaining on the conductor. It is 
this stream of electrified particles which discharges the 
conductor. 



CHAPTER V 


FOUCK 111:T\V1:KN KLIX^PUK AH ( HAIUiKS- 
LINKS OF FOIK’F 

287. Law of Forco between Electrical Charges.— 'riu- 
nk;oluini(\il touv bctwi'cii two clcciiirkl ('h;u|ifs was in- 

VL‘sliL;ato(l hy (A)iiloni!). It 
Q is evident tln*^ wc ('an not 

exfuTinient with electrical 
chargt'S, but only with 
charged bodies. Now* the 
charge distributes itself over 
the whole of the surface of 
tlk; bodies, and all parts of 
the two charges are not a\ 
the same distaiu'e apart. 
Hence the force between 
two charged bodies will 
dejiend on their shape and 
size as well as on their 
charges and the distance 
between them. If, however, 
the bodies arc small com- 
jiared with the distance 
Fig. 233 Coulomb's XorMon between them, w’C can regard 
liAkuicc. being situated 

practically at a single point, 
at the centre of the small body. 'Phe charges are then 
known as point charges. 

The mecluwical force between two point charges varies in 
versely the square of the distance between them. 

The law of force for point cliargcs is thus the same as for 
magnetic poles. 

'I'his law of force w'as prt^pounded by Coulomb from ex- 
periments made Ijy him with a torsion balance. An insulat- 
ing rod of shellac (Fig. 233 ) having a small gilt pith ball A at 

412 
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one end is supported by means of a fine wire from a movable 
torsion head D, the whole being enclosed in a cylindrical 
glass vessel to avoid draughts. A second similar gilt pith 
ball E is supported by a second shellac rod F, passing through 
a cork G. When the cork is fitted into its place the two 
pith balls are in the same horizontal plane. The pith ball 
E is given a charge, and the torsion head D is turned until 
the two balls touch. 'I’hey share the charge between them 
by conduction, and as the charges in the two balls are thus 
of the same sign A i'. repelled to some distance from E. 
'fhis distance is measured, and al.so the twist on the supjiorting 
w'ire. 'I'he torsion head I) is then turned until the distance 
betw'een the balls is reduced to one half. It is found that to 
produce this decrea.se the twist on the wire must be incrca.sed 
fourfold. Now' it is known that the couple e:.erted by a 
tw'isted W'ire is directly pro]jorti(jnaI to the twist upon it. Thus 
the force between the two charges is increased fourfold w’hen 
the distance betw'een them is halved — that is, the force is 
inversely {iroportional to the scpiare of the distance between 
the chaiges. 

The^e experiments aie necessarily inacaairate owing, among 
other causes, to the gradual leakage of the (‘harges during the 
experiment. Our belief in the accuracy of the inverse square 
law rests on k'araday's discovery that there is no electrical 
force inside' a ( losc'd conductor. It can be show'n mathe- 
matically that this result is only true if the law of force 
betw’een two electrical jioint charges is that of the inverse 
s(piare. 

288. Unit of Electrical Charge. -The mechanical force 
betw'een tw'o charged bodies increases w'ith the charge upon 
them. Follow’ing the line of argument employed in the case 
of magnetic poles, w'e may define our unit of electrical charge 
as follows : 

electrical charge is one wl.lch if placed at a distance of 
I cm, in air from an equal and similar charge will repel it with 
a force of i dyne. 

'Faking this definition of unit charge, it follow's 'hat if F 
is the mechanical force betw'cen two charges of electricity of 
magnitude q and q' respectively separated in air by a distance 
of d cms., then 


F=^- dynes 
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If the two charges are like, the force will be one of repulsion , 
if unlike, the charges will be one of attraction. Now a charge 
of lo units of positive electricity may be represented by the 
symbol +ioj while a charge of lo units of negative elec- 
tricity will be represented by the symbol — lo. Taking the 
symbols + and — in their usual algebraical sense, it will be 
seen that the product of two like charges is always positive^ 
while the product of two unlike charges is negative. The 
force between two charges will therefore have a positive sign 
if the charges are like, and a negative sign if they are unlike. 
Thus a positive value of the force indicates a force of 

repulsion, a lU'galivc value of the 



Fig. 234. — Experiment to illus- 
trate the Eafect of the Medium 
on the Force between the 
Charges. 


force indicates a force of attrac- 
ti<>n. 

/7ic presence of a rh.irgc on 
a body is regarded as being due 
to the presi nce on the body of 
a quantity of st)mething called 
electricity. A unit electrical 
('barge may be regarded as in- 
dicating the {iresence of unit 
cpiantity of electricity upon the 
body. Henct; — 

U/iil quantity of electricity is 
that quantity which if placed at 
unit distance in air from an equal 
and similar quantity will repel it 
with a force of i dyne. 

Electrical charge and quantity 


of electricity are used as interchangeable terms. 


289. Effect of the Medium on the Force between Charges. — 


We have specified in our definition above that the charges are 
to be separated by air. It is found that the force between 
two given charges depends very largely on the nature of the 
substance between them. If two pith balls are suspended by 
silk threads and given a charge, they will diverge. If now a 
thick slab of glass or sulphur (Fig. 234) is placed between them, 
the divergence will be considerably diminished. On withdraw- 
ing the slab, the balls fly apart again to their original position. 
Thus, while the charges remain the same, the force between 
them is appreciably lessened when glass or sulphur is sub- 
stituted for air as the medium between the charges. 
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In general, therefore, the force F between two charges 
q and q' separated by a distance d in any medium may be 
expressed by the formula 

P = ^^dynes. 

where K is a constant which depends on the nature of the 
medium between the two charges. 

Faraday, who was thef first to point out the importance of 
the medium b(‘tween th(* charges in electrical phen^'^mena, 
called the constant K the sf^enjic induttre capacity of the 
medium. It is also known as the dielect nc constant. I he 
greater the value of the specific inductive cnp:icity the smaller 
tlie force. The specific inductive capacity of air is taken as 
unity. The specific indiirtive capacity of glass Js about 6; 
that of sulphur, 4 ; and that of water nearly 80 . The force 
between two given charges separated by water is therefore only 
^'-<jth of the force between the same charges when separated 
by the same distance in air. 

290. Electrical Field — Intensity. — Any rc^i^ion in which 
tlectrical force is manifested is known as a field of electric force y 
or simply as an electric field. The strength of the field is 
defined in the same way as the strength of a magnetic field. 

The field at a fiven point is said to be of u?tit strength if a 
unit charge placed at the point would experience a mechanical 
force due to the field equal to i dyne. 

'Fhe strength of an electric field is often known as the 
electric intensity, and will be denoted by the letter R. 
Thus a charge q when placed in a field of intensity R will 
experience a force F given by 

F=r^R dynes. 

291. Lines of Force. — An electric field can be represented 
by a system of lines of force in exactly the same way as a 
magnetic field (§ 264 ). 

A line of force in an electric field is a curve such that the 
direction of the resultant field at every point on the cut je is along 
the tangent to the curve at that point. 

A small conducting thread (a piece of cotton fluff, for 
e.xamplc) will set itself along the lines of an electric field in 
the same way as an iron filing sets in a magnetic field, and 
fof* a similar reason. Owing to the experimental difficulties 
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electric fields cannc'l be mapped out experimentally with any 
accuracy. 'J'he direction of the lines of lorce can be deduced 
mathematically in simple Cases. Id^. 235 repre^i'iits the 
lines of force in the electric field due to a siiL;le [)oint 
charge, (/■) to two equal and opposite charges, and (.) to two 
equal and similar charges. 





A line ot force will commence on a positive charge and must 
terminate on a negative charge. It is usual to regard one 
line of force as arising from each unit of positive charge, 
and ending on a unit of negative charge. It can be shown 
• that the number of lines of force passing through unit area 
drawn at right angles to the direction of the lines at any 
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point in the fidd will in this case be directly proportional 
to electric inte nsity at that point. They afford, therefore, 
a measure not only of the direction of the field at all points 
in it, but also of the strength of the field at any point. A 
map drawn in this way represents the field completely both 
in magnitude and direction. 

Faraday, to whom the idea of lines of force is due, showed 
that all actions between eLctrified bodies could be completely 
accounted for if it was supposed — 

{a) that the lines of force tended to shorten themselves, as 


if they were 
stretched elas- 
tic co»-ds ; 

{b) that neighbour- 
* ing lines of 
force exerted 
a lateral repul- 
sion on each 
other. 

This idea has proved 
very useful, and 
modern science has 
tended to endow these 
lines of electric force 
(or Faraday tubes, as 
they are often called) 
with a real existence. 



We have only space t-, t • , 

... Ill riG. 230. — Lines ul 1 01 ce ami Induction — 

to illustrate the method Ice. Pail Experiment. 

here. For example, in 

the case in Fig. 235^, the lines of force joining the two charges 
will tend to shorten, and also will tend to repel each other in a 
direction at right angles to their length. For each of these 
reasons there will be a force on the two bodies tending 
to draw them closer together — that is to say, the tw^o unlike 
charges will attract each other. On the other hand, in Fig. 
235^: there are no lines of force passing from one charge 
to the other. The mutual repulsion of the lines of force 


running parallel to each other up the centre of the field 
of force will, however, tend to urge the two bodies apart ; and 
the tendency to shorten of the lines running in opposite direc- 
tions from the charged bodies which end on negative charges 
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induced on the walls and floor of the room wili have a like 
effect — that is to say, the two positive charges will tend to 
move apart. 

292. Lines of Force and Electrical Induction.— Since there 
is no field inside a closed conductor, there are no lines of 
force. A line of force ends when it falls on a conducting 
surface. Thus, if a positively charged sphere is placed in a 
metal vessel the system of lines ' of force which originally 
radiated from the sphere to the walls of the room will be cut 
by tlie walls of the vessel, as shown in Fig. 236. Since the 
termination of a line of force implies a unit iv'gative charge, 
while its commencement implies a unit positive charge, it is 
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Fig. 237. — Lines of Force and linluclionfor llie ('aM‘ of 
U nchar^ed Concluclor. 

evident that the inside of the vessel will have a negative charge 
equal to the charge on the sphere, while the outside will have 
an equal positive charge. 

If the vessel is insulated, the lines of force cannot leave it. 
If, however, the vessel is connected to the walls of the room, 
say by a conducting wire, the ends of the lines of force 
running from the vessel to the walls of the room will be free 
to move along the conducting wire. Thus if the vessel and 
the walls of the room are joined by a wire AB, the lines of 
force nearest AB will, owing to the repulsion of the lines 
beyond them, be driven into AB and will disappear. Since 
the other lines of force were kept in equilibrium by the lines 
which have now disappeared, they also will be repelled into 
the wire and will disappear. Thus the whole field between 
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the vessel and the walls will vanish, and we shall be left with 
the negative charge on the inside of the vessel, and the 
positive charge on the sphere. If the latter is now with- 
drawn the vessel will be left with a negative charge. 
Faraday’s conception of lines of force thus gives an adequate 
representation of the process of electric induction. 

In the case where a charged sphere is brought near 



Fk;. 238, —Lines of Force during the Charging of an Elect loscope 
by Induction. 

another conductor, only a Iraction of the lines of force from 
the sphere are cut by the conductor (Fig. 237). tl;e remainder 
finding their way directly to the vails of the rocm. '^J hus the 
induced charge on the conductor will only be a Iracticn of that 
on the sphere. 

The process of charging an electroscope by induction may 
be left as an exercise to the student. The diagrams for the 
diffeient stages are given in Fig. 238. 



CHAPTER VI 


ELECrrRICAE POTENTIAL AND CAPACITY 

293 . Potential . — It a positively charged conductor is 
brought into contact with an uncharged conductor, electricity 
will pass from the former to the latter. Hut it is (juite easy 
to show that if two positively charged condu. tors are placec' 
in contact one will in general gain a further charge at the 
expense of the other. It can be shown that it is not invari- 
ably the ball which has tin' bigger charge which parts with 
some of its chaige to the other. It is easy to arrange the 
experiment so that the ball having the smaller charge gives 
up electricity to the more highly chargc^d ball. What then 
is the pro[)erty which determines the direction in whic h the 
transference of electricity will take place when two bodies are 
placed in electrical contact? 

We have already c'onsidered a similar problem in the case of 
the transference of heat 96). One body, such as a red-hot 
needle, will give up heat to another, such as a bucket of warm 
water, although the heat in the latter is much greater than 
that in the needle. The property >vhich determines the 
direction of the flow of heat is temi)(*rature. The property 
which determines the direction of flmv of electricity is known as 
potential, or electro-motive force. 

Potential in electricity is thi s analogous to temperature in 
heat. The analogy betw’een the level of a water supply and 
the temperature (§ 96), therefore, applies ecpially to potential, 
and should be carefully studied. Potential, in other words, is 
electrical level. A sphere charged to a high potential will 
part with electricity to one at a low potential, irrespective of 
the quantities of electricity in the two bodies. It has been 
agreed in problems on potential to consider the changes as 
being brought about by the transference of positive electricity. 
Thus, if a positively charged conductor is connected to earth, 
the positive electricity will flow to earth because the potential of 
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the conductor is greater than that of the earth. Similarly, posi- 
tive electricity will flow from the earth to a negatively charged 
conductor, because the potential of the conductor, which in 
this case is negative, is lower than the potential of the earth. 

On the other hand, electricity will not flow from one place 
to another at the same potential, no matter what the charges 
may be. 

'I'hiis in the induction^ experiment in g 282, although one 
end of the conductor has a positive charge and the other a 
negative charge, the two charges do not recombine although 
situated on a conducting surface, because the potential of this 
surface is the same throughout. Similarly, if the conductor 
is earthed either at the positive or the negative end, positive 
electricity will flow from the conductor to the earth because 
the potential of the conductor is higher than that of the earth. 

It must be noticed that a negative charge does not neces- 
sarily imply a negative potential. The negative charge on 
the conductor we have been considering is at a positive 
potential. Potential is simply what we have defined it to be 
— the electrical condition which determines the direction in 
which positive electricity will flow. 

294. Measurement of Potential. — This definition does not 
give us a means of measuring potential. The analogy with 
water-4evel and the flow of water will help us here. The 
work which must be done to move a given quantity of water 
from a lower to a higher level is equal to the weight of the 
water multiplied by the difference in the levels (§ 36). 
Thus we could have defined difference in level not in units 
of length, but by the work which must be done to move unit 
mass from the lower to the higher level. This is tlie method 
adopted in measuring electrical level. 

The difference of potential between two points is the work 
which must be done to move unit quantity of positive electricity 
from the one point to the other a^^ainst the electrical forces. 

Unit difference of potential exists behveen two points if 1 erg 
of work is done in moving a unit positive charge from the ofie 
point to the other against the electrical forces. 

If work has to be done to move a positive charge from A 
to B, then B is said to be at a higher potential than A. 

If V and V' are the potentials of the two points, and w the 
work done in moving a unit positive charge from A to B, then 
V'-V=:zc; 
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295. Equipotential Surfaces. — A surface dra:vn to pass 
through all points in the field which have the same potential is 
called an equipotential surface. It follows from the definition 
there is no tendency for electricity to pass from one point 
to another on the same equipotential surface. Hence the 
electrical forces have no component along such a surface, and 
the lines of force cut the equipotential surface at right angles. 

The surface of a conductor is an equipotential surface. For 
since electricity is free to flow in any direction over the surface 
of a conductor, if one point on the suriace were at a higha'r 
potential than another the electricity there would flow down 
the potential gradient until the difference was neutialised. 
This result is very important. 

Similarly, since there is no field inside a closed conductor 
there is no work done in moving a charge from one point to 
another inside it. Thus the whole of the suriace and interior 
of a closed c onductor arc at the same jiotential. 

296. Zero of Potential. — Our dellnition only enables us to 
measure differences of potential. In practice it is usual to 
regard the earth, and in conse(juence any conductor in electrical 
contact with it, as having zero potential, in the same way that 
the mean sea-le\cl is taken as the zero in measuring heighte. 
The earth is so large that our largest electrical operations cannot 
be regarded as sensibly affecting its potential. It thus affords 
a constant and easily accessible standard. Potentials higher 
than that of the earth are taken as positive, those lower than 
that of the earth as negative. An earth-connected conductor 
is at zero potential under all circumstances. 

297. Belation between Potential and Intensity. — If the 
electric field between two points is uniform, their difference 
of potential can be calculated in terms of the intensity. Let 
R be the intensity and d the distance apart of the points. 
The mechanical force on unit charge placed in the field is by 
definition R, and the work done in moving the charge a 
distance d parallel to the direction of the field is therefore R . d. 
But by definition this w'’ork measures the difference of potential 
betw’een the points. Hence — 

V-V'=R.£/ 


and, conversely, 


V -V' 
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If the unit positive charge is moved in the opposite direction 
to the lines of force, work must be done on the charge to 
move it. If the charge is moved in the direction of the lines 
of force, that is in the direction in which it is urged by the 
electrical forces, work will be done by the electrical forces upon 
the charge. In the former case the work is considered 
positive, in the latter negative. 

298. Practical Measurement of Potential — Potential differ- 
ences can be measured by a gold-leaf electroscope. We have 
so far used the electroscope for measuring charges, but in 
reality the divergence of the leaves indicates not charge but 
[)otential difference. When the gold leaves are charged there 
is a i)Otentipi difference beUveen the leaves and the case 
(which is at zero potential, being earthed), and consequently 
a field of force between the leaves and the case. The lines 
of this field tend to shorten, and hence the leaves are draw^n 
apart. That this explanation is correct can easily be verified 
by insulating the electroscope on a slab of wax, and connect- 
ing the case to the leaves. However highly the instrument 
may be ( hargod, there will be no divergence of the leaves under 
these circumstances. 

Now by the preceding section the greater the potential of 
the leaves, the greater will be the field between them and the 
case, and hence the greater the divergence of the leaves. 
'I'hus the divergence of the leaves is a measure of their 
jiotential. 

'To measure the potential of a conductor, therefore, we 
place it in electrical contact with the cap of an electroscope, 
by means of a conducting wire. The conductor, the wire, 
and the leaves of the electroscope now form part of the same 
conductor, and hence are all at the same potential (§ 295). 
Thus the divergence of the k aves is a measure of the potential 
of the conductor. 

The use of the electroscope for measuring charges depends 
on the fact that for a given conductor the greater the charge 
upon it the higher its potential. Thus, if we convey a charge 
from a given charged body to an electroscope by lueans of 
a proof plane, the potential of the electroscope will be pro- 
portional to the charge given to it by the proof plane, and 
hence the divergence of the leaves will be a measure of this 
charge. If, however, we connect the electroscope direct to 
the charged body, the potential of the gold leaves will be that 
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of the body, and the divergence of the leavers will measure 
not the charge on the body, but its potcMUial. 

299, Electrometers. — Ah instrument for measuring a differ- 
ence of potential is kno7vn as an electrometer, 'i'he gold-loaf 
electroscope can be used as a simple electrometi r by placing 
a graduated scale behind the gold leaves. The divergence 
of the leaves increases with the difference of potential between 
the leaves and the case. The relation is not a simple one, 
and the instrument has to be graduated empirically. Modi- 




h 

Fig. 239, — The Quadrant Klectromcter. 

fications of the gold-leaf electrosc *f)e, however, are of great use 
as electrometers for certain purposes. 

Another form of electro me Vir, known as the quadrant 
electrometer, is the one generally used for accurate work. 
The quadrant electrometer (Fig. 239 ) consists of four quadrant- 
shaped boxes of equal size, such as might be produced by 
sawing a shallow brass cylindrical box into quadrants by two 
cuts along two diameters at right angles. The separate 
quadrants are thus insulated from each other, and are supported 
on separate insulating stems of ebonite or amber. The two 
opposite pairs of quadrants are, however, joined together by 
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copper wires as shown in the figure. A light aluminium 
plate, known as the needle, and shaped as shown in the 
figure, is sus[)ended symmetrically inside the box, by means 
of a fine conducting wire, so that its long axis is parallel to 
one of the divisions between the quadrants. In the diagram 
one of the quadrants has been removed in order to show 
the needle more clearly. 

To measure a difference of potential, the needle is charged to 
a constant high potential, say positive. If the needle is hanging 
symmetrically inside the box, there will be no tendency for it to be 
deflected in one direction rather than the other if the quadrants 
are uncharged. If, however, the two pairs of quadrants are con- 
nected to sources at different potentials, the positively charged 
needle will be attracted by the negatively charged quadrants, 
and repelled by the positively charged quadrants, so that it will 
turn in the direction of the low potential pair. The deflexion 
will continue until the restoring couple due to the twist on 
the supporting wire, which is proportional to the deflexion, 
is sufficient to balance the electrical forces. The electrical 
forces can be shown to be proportional to the difference of 
potential between the opposite pairs of quadrants — that is, to 
the difference of potential between the two sources. The 
deflexion of the needle is thus proportional to the difference 
of potential between the sources, which can thus be measured. 
A mirror is usually attached to the needle to enable the 
deflexion to be measured with accuracy. The instrument can 
be made sufficiently sensitive to register a difference of potential 
of no more than ao oVo olh of the unit of potential which we 
have defined above. 

300. Capacity. — The potential of a p;iven conductor is directly 
proportional to the quantity of electricity upon it^ just as the 
temperature of a given body is proportional to the amount 
of heat in it ; but just as the capacity for heat is different 
for different bodies, so the capacity of different conductors 
for electricity is different for different conductors. It is quite 
easy to show experimentally that a charge which will raise a 
small sphere to a high potential will produce very little effect 
on the potential of a large one. 

The electrical capacity of a conductor is the quantity of elec, 
tridty which must be imparted to it to raise its potential by 
unity. 

This may also be expressed by saying that the capacity of a 
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t'onducior IS the ratio of the charge upon it to its potential. 
'riuis, if Q is ihc charge on a condiu'lor, and \' it - polcntial, 
then 

C = 9, 0 rQ = CV 

where C is a constant for the conductor, and is known as its 

capacity. 

The electrical capacity of a conductor dcptaids upon its 
size and shai)e, and can bo calculated for certain siin|)le cases. 
The capacity of a conducting spheie, wlu'n placed at a con 
siderable distance from all other conductors, is nuineiically 
eijual to its radius. Thus a sphere of lo caus. radius will 
reiiuirt' lo units of charge to raise its potential by unity. 

301. Electrical Condensers. — The ca[)acity of a conductor 



Flo. 2jO. — Parallel I’lnte (’onden^^er. 


depends not only on its own size and siuipe, but also on its 
position with respect to other conductors. 

Any arrange me nt by which the electrical capacity of a con- 
ductor is increased is called an electrical condenser. 

This increase in ca[)ac'ity is g' ncrally effec ted by {jlacing 
an earth-connected conductor in close proximity to the 
insulated conductor. 

The effect of the presence of an earth -connected conductor 
on the capacity of an insulated conductor can be studied 
conveniently with a pair of metal plates, one of which is 
insulated while the other is earthed, "riie plates are arranged 
facing each other, and the insulated plate is connected by a 
wire to the cap of a gold-leaf eltictroscope (iMg. 240 ). 

(a) The capacity of the condenser is inversely proportional to 
the distance between the plates. 
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While the plates are at some distance apart, the insulated 
plate is char:j,ed so that the leaves of the ekM troscope diverge 
widely. On moving the earthed plate nearer to the charged 
plate the leaves gradually fall together, showing that the 
potential of the plate is diminishing. On withdrawing the 
earthed plate to its original position the leaves again diverge, 
showing that the charge on the insulated plate has not been 
altered during the experiment. Since the charge has remained 
constant while the potential has diminished, the approach of 
the earthed plate must have increased the capacity of the 
insulated plate. Careful experiments show that the capacity 
is inversely proportional to the distance between the j)lates. 

(b) The capacity of the condefiser is directly profortmial to 
the specific inductive capacity of the medium between the plates. 

Keeping the plates at a fixed distance apart, charge the in- 
sulated plate as before, and introduce between the plates a thick 
slab of glass or other insulating material. The gold leaves 
fall together, showing that the capacity of the condenser is 
increased by the presence of the new medium. It can 
be shown that the caj)acity of a condenser is directly pro- 
[lortional to the specific inductive capacity (§ 289) of the 
medium between the plates. On this account the specific induc- 
tive capacity of a medium is often defined as the ratio of the 
capacity of a condenser wheji the plates are separated by the 
fiven mediu?n to the capacity of the same condenser when the 
plates are separated by air, 

(c) The capacity of a conde?iser is proportiofjal to the area of 
the insulated plate, 

A sheet of tinfoil, listened like a blind to an insulated 
roller, is substituted for the insulated plate in the previous 
experiments. 'The tinfoil blind is unrolled and placed near 
the earthed plate to form . condenser. It is charged, and 
the divergence of the leaves of the electroscope is noted. 
The blind is gradually wound upon the roller, thus decreasing 
its exposed area, and at the same time the divergence of the 
leaves will be found to increase, showing that the potential is 
increasing. As the charge remains constant, the capacity of 
the condenser is therefore diminished by decreasing the area 
of the plate. 

A pair of parallel plates, one of which is earthed, forms 
what is known as a parallel plate condenser. It can be 
shown that the capacity of a parallel plate condenser consist- 
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ing of two parallel plates each of area A and sepaiatecl hy a 
thickness d of some insulating medium of spocifu inductive 
capacity K is given by 


C = 


KA 


302 . The Leyden Jar. — 'Fhe I^evden jar is th' form of 
condenser most often emj)loyed in electrostati(* work. It 
consists of a wide-mouthed glass jar, the lower Iialf of which 
is coated inside and out with a layer of tinfoil (Idg. 241). 
Contact with the inner coating is made by a brass rod passing 
through an insulating stopper and resting on the tinfoil. 'Fhe 



upper portion of the glass jai is covered 
with shellac varnish to improve the in- 
sulation. 'I'he condenser thus consists 
of two conducting coats separated by a 
small thickness of glas.s. It may be 
regarded as a parallel i)late condenser 
rolled up into the form of a cylinder. 



FlCf. 242. — Ltyilcn fars arraritred 
in parallel. 


To charge it, the outer coat is earthed by holding it in the 
hand, and the brass knob is charged by being presentt;d to 
one pole of an electrical machine or other source of supply. 
A considerable electrical charge can thus be stored in the jar, 
and if the two coatings are co inected by a metallic rod a 
powerful spark may be obtained. Similarly, if the knob of 
the charged jar is touched while the outer coating is still held 
in the hand, a very di.sagreeable and, in the case of a largti 
jar, a possibly dangerous shock will be felt. 

For storing still greater (luantities of electricity a number of 
these jars may be used; all the outer coatings being con- 
• nected together, and similarly all the inner coatings (Fig. 242). 
The capacity of the resultant condenser is equal to the sum 
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of tlie capacities of the separate jars. The jars are said to be 
connected i?i parallel. 

303 . Principle of the Condenser. — Consider a charged 
sphere A at some distance from other conductors. The 
(jlectric field will he uniform around it, and may be repre- 
sented by a system of lines of force radiating out from the 
sphere as shown in Fig. 243. The potential of the sphere 
will be the work done against this field in bringing up a unit 
positive charge from the walls of the room to the sphere. 
Imagine a sphere B concentric with A, but of slightly larger 



Fig. 243. — Diagram to illus.tiaic the Principle of the Condenser. 

radius. The potential of^ A is thus equal to the work 
done in bringing unit charge from the walls up to the surface 
B, plus the work done in moving the charge from B to the 
surface of A. If the distance between the hvo spheres is 
very small, the latter will be small compared with the 
former. 

Now^ suppose the imaginary sphere B to be replaced by a 
conducting surface coinciding with it. This will divide the 
field of force into two parts, but will not otherwise affect the 
conditions. Now let us earth the sphere B. This will at 
once destroy the field between B and the walls of the room, 
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but since P is a closed conductor it will not affeet the field 
between H and A, which theri'fore remains at its old value. 
But since we have destroyed the field between B and the walls 
of the room, no work will now be done aij;ainst electin al forces 
in bringing a unit charge from the walls up to B. 'fhe potential 
of A, therefore, is now merely the work which must be done to 
move a unit charge from B to A. But, as we have seen, this 
is only a small fraction of the work which was originally re- 
quired to bring a unit charge from the walls up to A before 
the sphere B was placed in position. Hence the potential of 
A has been decreased by surrounding it with the earthed 
conductor B. It is obvious that the nearer B is to A the 
smaller will he the potential of the latter. As the charge on 
A remains the same, its capacity is increased. This is the 
princ'iple of .he condenser. 

304. Energy of a Charged Conductor. -By detinition of 
potential, the work done in bringing a (‘haige f/ u[) to the 
surface of a conductor at a poUMUial V is equal to ^ . V. 
Sup[)ose we charge our conductor by bringing up to it siic(‘ess- 
ively a large number of small charges. As soon as the 
charge is placed upon it the conductor will acejuin* a polenti.d, 
and hence work will have to be done to bring up eac:h of 
the succeS'^ive charges to tlu‘ surface (jf tlie conductor. The 
amount of this work will be pro[)<)rtional to the charge already 
on the conductor. It will be small at first wlien the potential 
is small, but >vill increase as the potential is raised by the 
presence of the charges already placed on the conductor. It 
can be shown that the w<;rk done in charging a condenser is 
the same as if the whole charge were j)laced upon it at its 
average i)otential during the charging process, 'fluis, if the 
conductor is originally uncharged, and its final potential is V, 
the average potential dining the. cliarge will be JV. If () 
is the final charge upon the conductor, then the work done in 
charging the conductor is ecjual to the product of the whole 
charge into the average potential — that is, ergs. 

Since work has been done in charging the conductor, the 
conductor has pote?itial ener^^ equal to the work spent in 
charging it (§ 41 ). Thus — 

The energy of a charged conductor= JQV ergs. 

Since Q =:CV, where C is the capacity of the conductor, 
we can write this relation in the form 

E= JQV= JCV2 ergs 
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by substituting for Q ; or by substituting for V we can write 
it in the fonii 

E=JQV=i^'-erg.s 

This potential energy can be used for doing work, either 
electrical or mechanical. It is generally manifested in the 
form of an electric spark when the conductor is discharged. 
The electric spark from a highly charged condenser of large 
capacity is capable of producing considerable mechanical 
effects (for example, puncturing a glass plate), and is always 
attended with light, heat, and sound. All these phenomena 
are forms of energy. 


EXAMPLES. < 

1. A conductor has a capacity of 100 units and is charged 
to a difference of potential of 20 units. Calculate (a) the 
charge on the conductor, (p) its electrical energy. 

2. A parallel plate condenser has plates of area 300 square 
cms. and the distance apart of the plates is 3 millimetres. 
Calculate its ca[)acity. 

3. The plates of a parallel plate condenser are i mm. apait 
and are charged to a potential difference of lo units. With- 
out discharging the condenser the plates are separated to a 
distance of i cm. What is the potential difference ? 

4. A battery of four Leyden jars each of capacity 1000 
units are connected in parallel and charged to a potential 
difference of 100 units. Calculate {a) the total charge on the 
jars, {p) the electrical energy of the system. 

5. A Leyden jar of 500 units capacity is given a charge oi 
2000 units and is allowed to share this charge with another 
uncharged jar of equal crf^jacity, by connecting the two in 
parallel. Assuming that no charge is lost in the process, 
calculate (r/) the change fti potential, (p) the change in 
electrical energy of the system, produced by connecting the 
jars. 
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ELECTRICAL MACHINES 


305. Production of Electrification. — Charges of electricity 
can be produced either by friction or by induction from 
another charge. In each case the production of a given 
quantity of positive electricity is attended by the simultaneous 
production of an equal quantity of negative electricity. The 
electrical charge, strictly speaking, is not produced, but only 
separated from the electrification of the opposite sign. A 
neutral body in reality contains immense 



quantities of both positive and negative 
electricity, but the amount of each being 
e.xactly the same, they exactly neutralise 
each other at all points. The quantity 
of electricity of each sign in a given 
body is not infinite, but it is immens(dy 
greater tlian the charge ‘s we are able to 
excite in our exi)eTimenls. 'I'hu total 
quantity of positive electricity contained 
in I cubic centimetre of water. is about 


ViG. 244. -—Experiment j r x lo*’*, or 150 million millions of 
to show the Eijuality ot r 1 '1 • 1 i m’u- • 

the Charges producvrl our unit of electrical charge. I his i.‘ 

by Friction. infinitely greater than any charge we 


can excite in our experiments, so 
that for our purpo the supply may be regarded as 


inexhaustible. 


The fact that the production of a given positive charge is 
always attended by the appearance of an equal negative charge 
has alread;, been demonstrated in the case of inductive charges. 
It can be proved in the case of frictional electrification by 
simple experiments. For instance, make a flannel cap to fit 
a rod of ebonite, and fasten to it a silk cord (Fig. 244). The 
cap is placedP on the end of the rod, and the silk is wound 
around it so that when the silk is pulled the cap revolves with 
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friction against the surface of the rod. Without touching the 
cap, bring the rod and cap together near the cap of an electro- 
scope. There will be no effect on the leaves. Now lift off 
the cap by nu ans of the silk thread, and test each of them 
separately. 'I’he rod is negatively charged, and the flannel 
cap positively charged. Since the tw'o charges together have no 
effect on the electroscope, they must be ecjual and opposite. 

306. Frictional Machines. — The production of electricity 
by friction can be made continuous by simple mechanical 
devices. For example, if a silk pad P (Fig. 245 ) is pressed 
against a glass cylinder C, and the latter is rotated on its 
axis, the friction of the glass against the pad will produce 
positive electkicity on the 
glass, which can be col- 
lected by a series of sharp 
points A, placed nearly 
touching the glass. The 
point becomes strongly 
electrified negatively by 
induction from the posi- 
tive charge on the glass, 
and discharges to the glass 
(§ 286 ), leaving the con- 
ductor positively charged. 

The effect is the same as 
if the positive charge on 
C was directly transferred 
to the conductor A. T.he Fig. 245. — Frictional Machine, 

working of the machine 

is improved if the rubber is smeared with an amalgam, and 
is earth-connected. Frictional machines have been displaced 
by machines working on the pLnciple of induction, w’hich give 
far more satisfactory results. 

307. The Electrophorus.— The electrophorus consists of a 
brass disk P (Fig. 246 ) known as the “plate,” mounted on 
an insulating handle H. A somewhat larger circular d’sk C of 
ebonite, or a mixture of various waxes and resins, completes 
the apparatus. This “ cake ” is generally placed on an earthed 
metal dish S known as the “sole.” The cake is given an 
initial charge by being rubbed with catskin or flannel. The 
metal plate is then placed on the cake, touched with the finger 
for a moment to earth it, and then lifted from the cake by 

zS 
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the insuUting handle. The ,,l;ae is charged positively hy 
inu\u::\on. / 

When the plate is pl.iee.l on the cake, it makes actinl 
i^tnea. contact with it only at a very lew p ,ints. Simv 

, charge is n«i condiicletl to the 

piMe. 1 he negative charge on the cake, however, in.lures a 
p^Uve charge on the lower side of the plate, and a negative 
wrge on the upper, which passes to earth when the plate is 
by the finger. On removing the linger this charge 
t$ Kit msuiateU on the plate, .^n 1 is removed with it when the 



Fig. 246. — The EleciruphurU', with <U..gr:uns in illuslrule its action. 


plate is lifted. As the original charge on the cake is not 
affected by the process, the operation can be repeated a large 
number of times until the original charge leaks away owing to 
imperfect insulation. 'I’hus a very large number of positive 
charges can be obtained from a single negative charge. 

As we have seen, a charged conductor possesses potential 
energy, and thus each of the charges carried away by the 
plate possesses a certain amount of energy. It would thus 
appear as if an indefinite amount of energy could be 
obtained from a single negative charge on the cake. This is 
not the case. The energy of the positive charges does not 
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come from the negative charge, but from the person who 
works the electrophorus. Since the positive charge on the 
plate and the negative charge on the cake attract each other, 
more work must be done to lift the plate from the cake 
when they are charged than when they are uncharged. It is 



Fig. 247. — The Wimshurst Machine. 


this excess of work that supplitis the energy ot the successive 
charges produced on the plate. 

308, The Wimshurst Machiue. — The usual method of pro- 
ducing a supply of electricity in the laboratory is the Wimshurst 
machine. The principle is that of the electrophorus, but 
the apparatus is designed so that the necessary succession of 
operations can be carried out mechanically and continuously 
by the turning of a handle. 

The Wimshurst machine (Fig. 247 ) consists of two plates of 
glass or ebonite arranged to rotate in opposite diiections by 
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turning a handle on the base of the instrument. The 
plates have a number of radial metallic sectors, the rest of the 
surface being made insulating by a coating of shellac varnish. 
At opposite ends of the horizontal diameter of the plates are 
placed collectors or combs, consisting of a number of sharp 
points projecting close to the rotating sectors on each side of 
the disks. They are connected with insulated metallic knobs, 
which form the poles of tlie machine. On each side of the 
machine two long rods make connection by moans of metallic 


B 

T 



brushes between op[)osite se^^tors of the plates. I'hese 
brushes are set at right angles to each other, and making an 
angle of 45® with the line joifiing the combs. To work the 
machine a charged rod is held opposite one of the brushes and 
the handle turned. The conductors begin to charge up with 
electricity of opposite sign. I'he charged rod can then be 
taken away and the machine will continue to work indefinitely 
as long as the handle is turned. This will be shown by a 
succession of sparks between the poles of the machine. 

The action of the Wimshurst will be understood from the 
diagram in Fig. 247a. A and B represent the two plates 
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rotating in the directions of the arrows, the metallic sectors 
being indicated by the dark lines. C, C' are the two 
collectors or combs, while DE and FG represent the brushes. 

Let us suppose that a negatively charged rod is held 
opposite F and the plates rotated. The brush F and the 
sector / in contact with it become positively charged by in- 
duction, a negative charge being repelled along the conductor 
to the brush G and the sector q touching it. These charged 
sectors are carried round by the revolving plates until they 
come opposite the ends D and E respectively of the other 
brush. Iricre they act inductively on this conductor so that 
the end D becomes negatively charged and the end E 
positively. These charges are carried off by the rotating 
sectors in the direction of the arrows, and come in turn 
opposite the ends of the brush FG, were they act in- 
ductively on the brushes, giving to the end F a positive charge 
and to the end G a negative. The charged rod can then be 
withdrawn, as the supply on the brush FG is now kept up by 
the action of the charged sectors coming from D and E. In 
the same way the charges on D and E are continually 
renewed by induction from the charged sectors coming from 
F and G. The machine once started will therefore continue 
to work. 

After acting on the brushes the charged sectors are brought 
opposite the collectors C, C', where they are discharged by 
the discharging action of the points, their charge passing 
through the collectors to the poles of the machine. It will 
be seen from the figure that both sets of sectors bring positive 
charges to the comb C, which thus becomes the positive pole 
of the machine, while negative charges are conveyed to the 
comb C'. 

The energy of the charges produced comes from the work 
which must be done to mo\;^ the oppositely charged sectors 
away from each other. Great tr force must be applied to turn 
the plates when the machine is charged than in its uncharged 
condition, and this excess of work is transformed into the 
energy of the charges produced. 

309. The Voltaic Cell. — Electricity can also be produced in 
other ways besides friction and induction. Of these the most 
important is the voltaic cell. If a plate of zinc and a plate of 
copper are dipped into a beaker containing dilute sulphuric 
acid, a difference of potential is set up between the two plates. 
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This difference of potential is so small that it will tiot sensibly 
affect the leaves of a gold-leaf electroscope. If, l:o\vt‘ver, we 
take, say, loo such cells and join the copperplate ot one to the 
zinc plate of the next cell, and so on (Fig. 248), the d.ilVrence ol 


Cu Zn Cu 2n 

I 


Cu Zn ^ 


Fig. 248. — \ uitaic Cells connected in Scries. 


potential between the copper plate at one end of the series and 
the zinc pla^,e at the other will be sufficient to produce a measur- 
able divergence of the leaves, when the one is connected to the 
leaves and the other to earth or to the case of the electroscope. 
It will be found that the wire coming from the copper is posi- 
tive, that from the zinc is negative. The copper and the zinc 
j)latO'> thorufore form the positive and nt‘gaiiv(* poles of the cell. 

The exjieriment can also be performed with a single cell 

I by the use of a condensin^^ ckctroscop^. 

This consists (Fig. 241;) of an ordinary 
electroscope in wliich the rod suj)porting 
tlie gold leaves terminates in a large flat 
circular brass disk covered with a thin 
lajer of insulating shellac varnish. An 
exactly similar plate is laid upon the plate 
of the electroscope and is connected to 
earth. Since the plates are insulated from 
each other by varnish and the upper one 
is earthed, they form a condenser the 
capacity of which is large, since the plates 
are very cose together. Connect the 
zinc plate to the upper brass plate, and 
the copper plate to the cap. Remove the 
wires and raise the upper plate from the 
lower. The gold leaves will be seen to 
diverge. It can easily be shown that the charge on the leave.s 
is positive. 

The voltaic cell produced a difference of potential between 
the two plates of the condensing electroscope, too small to 


A 


Fig. 249. — Con- 
densing Electro- 
scope. 
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cause an appn ciable divergence of the leaves. Owing, how- 
ever, to the gnat capacity of the .system, the charge on the 
lower plate w'as appreciable in spi^e of its low potential. On 
raising the iii)per plate, the capacity of the lower plate was 
very greatly diminished. Since its charge remained the same, 
the potential rose correspondingly and was finally sufficiently 
great to cause a measurable divergence of the leaves. 

We thus learn that the potentials produced by the voltaic cell 
are very small compared with those produced by friction^ or by a 
Wimshurst machine. On the other hand, a voltaic cell will 
produce in a given time far greater quantities of electricity than 
a Wimshurst. For instance, if we join the poles of a Wims- 
hurst machine by a very thin conducting wire, the electrical 
charges produced will flow along the wire from the positive to 
the negative pole, producing what is known as a current of 
electricity. 'I’he wire will not become appreciably \varm. If, 
howevei, we join the poles of a voltaic cell by a similar piece 
of wire, the wire will become red-hot. Faraday, who first 
investigated the subject, found that a very small voltaic cell 
would produce in three seconds as much electricity as was 
produced by thirty turns of his largest electrical machine, the 
plate of which was 50 inches in diameter, and which was 
capable of giving an electric spark 14 inches in length. 

'riius, if we wish to investigate the electrical forces between 
charges at rest, which depend mainly on the potential of the 
charges, we shall find our most convenient source of electricity 
in the Wimshurst. When, however, we come to investigate 
the effect produced by electricity in motion, where the magni- 
tude of the effect depends largely on the quantity of electricity 
set in motion, we shall find it much more convenient to work 
with the voltaic cell, 'fhe part of the subject of electricity 
which we have already considered is known as electrostatics, 
since it deals with the efft\i:ts produced by charges at rest, 
'I'he study of the effects prodt 'cd by charges in motion^ that is, 
by electric currents^ is known as current electricity. 
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EXAMINATION QUESTIONS.— XV 

1. Describe experiments to show that when two unlike sub- 
stances are rubbed together equal and opposite charges of 
electricity are produced. 

2. State the law of force between two point charges, and 
describe an experiment to illustrate the law. Explain how the 
law is applied to define unit quantity of electricity. 

3. Two insulated brass spheres, each of 2 cms. radius and 
situated 10 cms. apart, are charged with ccjiial iiuantitics of 
electricity. Illustrate by a diagram the distribution of electric 
force in the region between them when the spheres are chaiged 
with (a) the same, (/>) opposite kinds of electricity. How 
would the force between them luj alteiid if tlur spheres were 
immersed in paratlin oil of specific inductive capat'ity 2 ? 

4. Describe experiments to illustrate electioslatic induction. 
In what circumstances is it possible to have a charge on the 
interior of a hollow conductor? 

5. A positively charged body is brought near an uncharged 
insulated conductor. What will be the condition of the con- 
ductor as regards {a) charge, (d) potential? How could you 
test your statements with the aid of an electroscojie ? 

6. Describe the mode of action of an elcctrophorus, giving 
diagrams to show the arrangement of the charges and the lines 
of force. What is the source of the energy produced ? 

7. How' are induced charges of electricity obtained ? 
Describe and explain the action of a Wimshurst machine. 

8. What is meant by the capacity of an electric al conductor ? 
How would you demonstrate the fact that the capacity of a 
conductor is altered by bringing into its neighbourhood another 
conductor ? 

9. Describe some form of eU*ctrical condenser. Explain 
what is meant by the capacity cpi’ a condenser, and point out 
the factors on which it depends. 

10. Describe a condensing electroscope, and describe how 
by means of it a small potential difference, such as that 
between the poles of a battery of a few cells, may be shown. 

11. Explain what is meant by the difference of potential 
between two points. What is meant by the statement that 
an electroscope indicates potential rather than quantity ? 

12. A charged metal rod and a charged ebonite rod are in 
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turn placed in contact with the knob of an electroscope. In 
each case the leaves diverge. When the metal rod is removed 
there is no change in the divergence, but when the ebonite 
rod is taken away the leaves partly collapse. Explain the 
difference. 

13. Describe a gold-leaf electroscope, and show' how it may 
be used to determine (a) the sign of the charge on an insu- 
lated conductor, (If) which of tw'o small conductors has the 
greater charge. 

14. A tall metal can is insulated and charged. How w'ould 
you investigate the distri[)ution of the charge over the surface 
of the can ? What results would you expect to find ? 

15. 'Fw'O ‘^mall equal metal spheres are placed 5 cms. apart 
in air. What w'ill be the force between them if one has a 
charge of 4-5 units and the other — 10 units? The spheres 
are connected for a moment by a wire held by an insulated 
handle. What is the force now ? 

16. Explain tilt! terms electric charge, electric potential 
Under what circumstances can a negative charge be at a 
positive potential ? 

17. A positively charged conductor A is brought near («) 
an insulated conductor B, (i?) an earthed conductor C. What 
changes, if any, will be produced in the potentials of the three 
conductors, and what charges will be produced on B and C ? 



CHAPTER VIII 


THE EEECnilC Cl URENT 

310. The Electric Current. — If the two of a charj;ecl 

condenser are joined by a conducting wire, the positive elec- 
tricity flows along the uire from the high to the h)w potential 
plate until the two are at the same potential Ihere is thus 
a passage of electricity along the wire which may be compaied 
to the How of water along a pipe from a higher to a lower 
level. therefore say that during the discharge there is a 

current of electricity or an electric current llowing along the 
wire. In the case of the discharge of a condenser the flow 
is only momentary. If, however, we connec't the two polts 
of a Winishurst while it is working by a conducting thread, 
there will be a continuous flow of electricity along the thread 
from the high to the low' potential pole. We thus g{it a 
continuous current. As wo have seen, a voltaic cell will 
produce in a given time a much greater (juantity of electricity 
than the largest electrical matiune, so that if the poles of a 
voltaic cell are joined by a conducting win: a large and con- 
tinuous current of electricity flow's al(;ng the wire. 

'The simple form of voltaic cell already described (S 309) 
is not very satisfactory, as ow’ing to the deposition of gas on 
the plates its action rapidly weakens. Improved forms of the 
voltaic cell have, how'cver, been devised which overcome this 
difficulty, and are capable of si^iplying considerable currents 
for an almost indeiiriitely lon^^ time. The most u.seful of 
these cells^ or batteries as they are oft(*n called, are the Daniel f 
the Bichromate^ and the LeclanchL 'I’hese are described in 
a later chapter (Sj 337 et set/.). 

311. Effects produced by the Electric Current.— Whicn a 
current is flowing along a conductor various effects are pro- 
duced in and around it. 

{ a ) Magnetic Effects. — If the wire carrying the current 
is placed parallel to the magnetic axis of a compass needle 
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the needle will be deflected, and ^ill tend to set itself at 
right angles to the direction of the current. Thus an electric 
current produces a magnetic field. 

(//) Tiikrmal Efkkcts. — Heat is produced in the wire by 
the passage of the current. If the current is strong and the 
wire thin, the heat produced may be sufficient to raise the wire 
to incandescence, as in the case of the metallic filaments in 
electric flash lamps. 

(r) Chkmical Effkcts. — If the wire carrying the current 
IS cut, and the ends are dipped into acidulated water, bubbles 
of gas arc seen coming off from each of the cut ends. These 
gases can be shown to be hydrogen and o.xygen. U'hus the 
water is decomposed into its elements by the action of the 
current. 

We shall have to consider each of these effects hi turn. 

312. Direction of the Current.— 'I'he current is regarded 
as flowing from the positive to the negative pole of the cell 
— that is, from the copper to the zinc. We thus agree to 
consider only the motion of the positive electricity and to 
neglec t that of the negative electricity, which, of course, will 
flow from the negative to the positive pole. I'hus if a 
j)(3sitively charged conductor A is connected to a negatively 
charged one 11, we agree to regard the resulting action as a 
flow of positive electricity from A to B. We might equally 
well have expressed the result by saying that negative elec- 
tricity flows from B to A. A current of positive electricity 
from A to B is experimentally indistinguishable from a current 
of negative electricity from B to A. As a matter of fact, we 
now know that it is the negative elettricity which moves 
through the conductor, the positive remaining at rest. It is, 
however, too late to alter the nomenclature of the subject, 
so that when we speak of the direction of a current we mean 
the direction in which the posit^pe electricity is supposed to JIcniK 

313. Magnetic Field due tola Current — If a straight wire 
carrying a current is placed parallel to the axis of a suspended 
magnetised needle the needle will be deflected and will tend to 
set at right angles to the current. If the wire is above the needle 
and the current is running from south to north, the north 
pole will be deflected to the west ; if the wire is placed below 
the needle the north pole will turn towards the east. If the 
diniction of the current is reversed, so that it flows from north 
to south, the direction of the deflexion will also be reversed. 
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There is thus a definite relation between the direction of 
the current and the inagiu'tic field which it protlii< cs. 

The lines of magnetic fv.rce due to a current liowing in a 
straight wire are a system of concent! ic circli . with their 
centre in the wire, d'his can be deduced from the experi- 
ments with the compass needle whii'h we have just been 
considering. It can also be shown directly by [)assi ig a vertical 
wire bearing a curient through a small hole in tlui cimUk* of a 
horizontal sheet of caidboaid so that the wire is atiight angles 
to the cardboard. If iron filings are spiinkl(\l ove? tlic .^hcct, 
they will set themselves in the form of a series of ('hcles 
around tlie wire, as shown in Fig. 250 . 

'Fhe direction of these lines of force, that is the direction 
in which a north pole would be urged, bears a definite relation 
to the direction of the current. There are various devices 
for remembering this relation. One of the simplest is to 
suppose that we are screwing a corkscrew into a cork in the 
diiection in which the current is travelling. 'The direction in 
which a north pole would be urged round the current is the 
direction in which tlic thumb travels round with the cork- 
screw (Fig. 251 ). In other words, the direction of the Ihics of 
the magnetic field due to a .urrent bears the same relation to 
the direction of the current os the rotation bears to the translation 
in a right-handed screro. 'I he student should aj>ply this rule 
to the deflexion of a magnetic needle already described. 

314. The Gal vano scope. — If the straight wire carrying the 
current is bent so as to return beneath the needle as shown 
in Fig. 252 , then it can be seen by the application of our rule 
that in the space between the wires the field produced by the 
portion of the current /lowing above the needle is in the same 
direction as tiie field prodiH cd by the portion of the current 
below the needle, The force on the needle will, therefore, 
be doubled, and the deflexion corresi)ondingly increased. 
Similarly, if instead of a sinpe turn around the needle we 
loop our wire several times round the needle, each turn of 
wire will produce its own additional force, and the deflexion 
will become still greater. 

An instrument of this kind forms a very sensitive detector 
of current, and is known as a galvanoscope. It must, of 
course, be set so that the plane of the coils of wire is parallel 
to the magnetic needle — that is, in the magnetic meridian. 

315. The Electric Telegraph. — If a galvanoscope is con 



Fig 250. — Lines of Magnetic Force due to a Straight Current. 



Fig 251.— Ivelalion bi-i-'i-n I .reciion of ('uneni and Pneefion 
of Lines of Force. 



Fig. 252. — Frmciple of the Galvanoscope. 
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nected in series with a battery and a key, on contpleting th(i 
circuit by pressing the key a current will tlow, ami the neeclk- 
of the instrument will be deflected. If the circui. is broken, 
the needle will return to its normal positioti. If die current 
is reversed, by reversing the connections with the l)atteiy the 
needle will be deflected in the opposite directio i. In tliis 
way a series of signals can be transmitted from the ki’v to 
the galvanosco[)e. These signals can be arrang d into an 
alphabetical cotie by which messages can be tiansmitted. 
The reversal of the current in the ciicuit can be < Ifeilrd by 
a special key, known a^ a commutator or reversing key. 'The 
whole arrangement is a simple form of electric telegiaph. 'The 
distance apart of the battery and key, or transniati ng station, 
and the galvanoscope, or receiving statitin, may be very gn-at, 
providing that the battery is sufl'u'iently strong to piodmv an 
appreciable current through the conducting wirt‘s joining the 
stations. 

316. Strength of Magnetic Field produced by a Current. - 

The strength of the magnetu' field at a gi\en point due to a 
current will clepeiul in the fir^l plaee on the sliength of the 
current, 'fhe greater the current the gnMter the (effect which 
it will produce. It will also depend on the distance of the 
point f^rom the current, 'fhe closer we bring our current- 
bearing wire to the magnetic needle the greater the de- 
flexion. 

To investigate the variation of the field with the distance 
we must arrange the wire carrying the current so that each 
part of it is at the same distance from the point where the 
field is to be measured. If not, the results will be compli- 
cated by the fact that different portions of the current arc at 
different distances from the point of observation. We can 
do this by bending the wire carrying the current into the form 
of an arc of a circle having the aiven [loint for its centre. 

It is found by experiment thirt if a wire of length I carrying 
a constant current is bent into the arc of a circle of radius r, 
the magnetic force at the centre of the circle is inversely pro- 
portional 17 the Sipiare of the radius — that is, of the distance of 
the point from the current. 

If w'e kee{) the radius fixed and increase or decrease the 
length of the wire carrying the current, the magnetic field at 
the centre is directly proportional to the length of the wire. 

Thus if a wire of length I carrying a current C is bent into 
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the arc of a circle of radius r, the magnetic field F at the 
centre of the circle due to the current is given by 


This result is used to define a unit of current. 

Unil cumni is defined as that current which^ flowing in a 
wire of unit length bent into the arc of a circle of unit radius^ 
will produce at the centre of the circle a magnetic field of unit 
intensity (i gauss). 

As the current is measured by the magnetic effect which it 
])ioduces, the unit of current as defined above is known as 
the electro-magnetic unit of current. All electrical measure- 
ments ;irc inadr in C.( l.S. units. When the current is measured 
in this electro magnetic unit just defined we have, from the 
definition 

yi 

317. The Tangent Galvanometer. — Suppose w^e have n turns 
of wire wound in a circular groove of radius r. Then, since 
each portion of the wire will be at the same distance from the 
centre of the circle, the magnetic field F at the centre due to 
a current C flowing in the wire will by the previous equation 
be given by 

(total length of wire) x C 

Since there are n circles of wire each of radius r, the total 
length of wire is 2 ^/-. n. Hence, substituting this value, we 
have 

2'TrnC 2 'jrnC 


where C is measured in the absolute electro-magnetic unit 
just defined. 

This result affords us a convenient practical method of 
measuring currents. Our rule for determining the direction 
of the field shows that the field F is at right angles to the 
plane of the circle on which the wire is wound. If we set 
the plane of the coils parallel to the magnetic meridian, the 
field due to the current will be at right angles to the magnetic 
field of the earth. A small compass needle suspended at the 
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centre of the coils (Fig. 253) will thus be acted uj>on by two 
fields at right angles to each other. 'I'he deflexion & pro- 
duced when the current passes is therefore given (§ 269) by 

F= H tan $ 

wheie H is the horizontal component of the earth’s magnefic 



Fir,. 25.7 -The Tanj^cnl rinFancMucfer. 
field. Substituting for F from the previous equation we have 

^ J I tan ^ 

r 

11 '* . . 
tan ^ 

2 ' 7)1 

This equation enables us to determine C if the deflexion ^ is 
measured. 

The i'"strument used for this |)ur[)osc is the tangent 
galvanometer. It consists (Fig. 253) of a vertical circular 
frame wound with a number of turns of insulated wire, the 
ends of which are for convenience brought to terminals on the 
base of the instrument. At the centre of the circle is sus- 
pended a small magnetic needle vsbich is free to turn in a 
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horizontal plane. The needle carries a long aluminium 
pointer the ends of which move over a circular horizontal 
scale graduated in degrees. The deflexions of the needle are 
read on the graduated scale. 

To use the galvanometer the plane of the coils is set in the 
magnetic meridian (parallel to the magnetic needle), and the 
reading of the ends of the pointer is taken. The current to 
be measured is passed through the coils, the needle is deflected, 
and the new reading of the ends of the pointer again noted. 
The difference between the two readings measures the de- 
flexion produced by the current. To avoid errors which 
might be produced by the coils not being exactly in the 
meridian, the direction in which the current flows through 
the coils is reversed so that the needle deflects to the opposite 
side of the scale. The mean of two values so cbtained is 
taken as the true deflexion 3, 

The current C is then given by 

C= — tan 9 


{Note . — The coils must be set parallel to the magnetic 
needle. If they are set at right angles to the meridian, that is, 
parallel to the pointer, there will be no deflexion at all, since 
the field due to the current which acts at right angles to the 
coils will now be acting in the same line as the field of the 
earth.) 

Since the value of H differs in different places, the same 
current will produce different deflexions in the galvanometer 

2 ern 

at different places. The fraction — on the other hand, 

depends only on the construction of the instrument and is 
a constant for a given galvanometer. It is known as the 
galvanometer constant. If we denote it by G, then 

C = ^ tan d 

318. Practical Unit of Current. — The unit of current as 
defined above is known as the absolute electro-magnetic unit, 
since it is based directly on the C.G.S. system of units. It 
was found somewhat too large for practical purposes, and a 
current of exactly one-tenth of the absolute unit is employed 
in practical measurements. This current is known as the 
29 



The fiTcior by U'hiJi thi ta*::r *it ,*/ /v,- defkxnm must /v multi, 
plied to ::^ive the current nt \'n>r:vn us the reduction 

factor of the ^c^atViincu.etcr. 'I'hiis, it k li the reduction larlor 
of a given galvanfuiietoi. wo have 

C (in aniporos)=: K tan d 


By comparison with the pro\ious c.jiiation we see that for a 

10 Hr 

tan::ent galvanometer K= Its value therefore depends 

2T// * 

on the place where the instrument is used. 

319. Quantity of Electricity conveyed by a Current. — 
If we regard the electric current as a current of electricity 
flowing through tl\e conductor, and therefore as analogous to 
a current of water flowing through a [)ipe, the current can he 
measured by finding the (piantity of electricity passing any 
given point on the conductor in a unit of lime. In the c*ase 
of the flow of water tiie current is measured by the number 
of litres or gallons passing a given point in i second. 
Similarly, the electric current can be measured by the number 
of units of electricity jiassing a given point in i second. 
A current will be said to be of unit strength if i unit of 
charge passes any point in the circuit in r .second. 'J’hus, if 
Q is the charge passing any given point on the conductor in 
a time /, the current C in the conductor is measured by 



Hence Q=:C./ 


The quantity of electricity pussiny^ a given point on a conductor 
conveying a current C in a time t is equal to C . t, the product of 
the current into the time for which it floivs. 

The quantity of electricity conveyed by a current of i ampere 
flowing for i second is the practical electro-magnetic unit of 
electric charge. It is known as the coulomb. 
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This unit of quantity is very much larger than the one 
employed in electrostatics, and defined in § 288. It is 
found by experiment that a current of i ampere conveys 
3X10® electrostatic units of charge past any point in the 
circuit in i second. That is to say, one coulomb= 3 x 10^ 
electrostatic units of charge. The coulomb is always used 
as the unit of quantity in experiments on current electricity. 

320 . The Thomson Galvanometer. — 'J'hc sensitiveness of a 
galvanometer — that is to say, the deflexion produced by a 
given current — can be increased 

(</) By increasing the number 
of turns of wire on the instru- 
ment. 

{d) By decreasing the radius of 
the turns, and so bringing them 
nearer to the magnetic needle. 

(r) By decreasing the magni- 
tude of the earth’s field at the 
centre of the coils. 'Fhis can be 
effected by arranging a permanent 
bar magnet so that the field pro- 
duced by it at the centre of the 
coils is very nearly equal and in 
the opposite direction to that of 
the earth. The resultant field 
on the needle due to the fixed 
magnet and the earth is thus very 
much smaller than that due to 
the earth alone. 

These modifications are em- 
bodied in the Thomson galvano- 
meter, shown in Fig. 254. It consists of a very large number 
of turns of insulated wire wound on a circular frame of 
comparatively small radius. A bar magnet is placed above 
the coils, and can be adjusted so as to reduce the' resultant 
field at the centre of the coils to a very small value. 

The suspended magnet consists of a small piece of 
magnetised watch-spring, and is attached to a mirror. A 
beam of light is passed through a narrow slit and falling on 
the mirror is reflected from it to a graduated scale. This 
beam of light serves the purpose of a pointer. It can be 
shown from the laws of reflexion of light that if the mirror 




452 


MANUAL OF PHYSICS 


is deflected through an angle 6 , the beam of light will be 
deflected through twice this angle. If the distance between 
the mirror and the scale is large, a very small deflexion of tlie 
mirror will cause a large movement of the spot of light 
produced by the beam on the scale. Thus, if the distance of 
the scale from the mirror is i metre, a deflexion of the 
mirror of i* will cause a movement in the spot of light of 
3 1 cms. As a movement of r mm. can easily be seen, it is 
obvious that a much smaller deflexion can be measured 
by this method than by means of an aluminium pointer 
attached to the needle. 'Fhis device is usually adopted when 
a small deflexion has to be measured. 



321. The Astatic Galvanometer. — Two magLetised needles 

of the same size and 
strength are mounted 
parallel to each other on 
the same support with 
their north poles pointing 
in opposite directions, and 
the system is suspended 
by a piece of unspun silk. 
If the two needles were 
exactly of the same 
strength, the couples pro- 
duced by the earth’s mag- 
netic field would be the 
same for each needle, but 
would act in opposite 
directions, so that there would be no resultant couple upon 
the system as a whole. Such a system is known as an 
astatic combination. It is impossible to magnetise the 
needles to exactly the same strength. Thus the system will 
generally have a feeble tendency to set in one particular 
direction, but it will be very small. If now a coil of wire is 
wound round the two needles in the way shown in the figure 
(Fig. 255 ), it will be seen that a current flowing through 
the coilf will tend to deflect each of the needles in the 
same direction. As the resultant couple due to the earth 
is very small, a very small current will suffice to produce 
a very appreciable deflexion. The instrument is known 
as an astatic galvanometer. It is only used as a detector of 
currents. 


Fig. 255. — I*rincij)le of the Astatic 
Galvanometer. 
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The principle of the astatic galvanometer can of course also 
be applied to reflecting galvanometers of the Thomson type. 

EXAMPLES. 

1. Calculate the magnetic fields produced at the centre of 
a coil of wire consisting of 20 turns each of radius 10 cms. 
when conveying a current of (a) 2 absolute electro-magnetic 
units, (^) 3 amperes. 

2. A tangent galvanometer has 200 turns of wire each of 
radius 8 cms. Calculate its reduction factor, for a place 
where H = o’i8 gauss. 

3. What vill be the current through the coils of the 
galvanometer in Question 2 when the deflexion is 30° ? 

4. What current would be required to produce the same 
deflexion in the instrument if it was taken to a place where 
the value of H is 0*32 gauss? 

5. A voltaic cell furnishes a current of 2 amperes for 
20 minutes. Calculate the quantity of electricity generated 
by the cell in this time. 

6. A circular coil of wire of radius 6 cms. and containing 
30 turns of wire is placed with its plane at right angles to the 
magnetic meridian, and it is found on plotting the field that 
there is a neutral point at the centre of the coil. Calculate 
the current passing round the coil, the value of H being o’i8 
gauss. 
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ELECTUO-MAGNETISM 

322. Lines of Force in the Field of a Circular Current. — 

The lines of force In the field produced by a current flowing 
in a circle can be plotted with a small compass needle in 


exactly the same way as any other 
The vertical coils of a tangent 
needle has been taken away ca 
boards siii>jiorted one on each 



Fig. J5O (tzj.- tic hitild flue 
to a Circ'ular Coil of Wiro carrying 
a Current. 


field of magnetic force (§ 264). 
galvanometer fiom which the 
n he used, and two di awing 
side of the coil so that their 


\ N 
: S 

Fig. 2S(j {f>). — Ma^niclic loeld 
due to a Maj^rielic Shell. 


plane contains the horizontal diameter of the coil. The field 
thus plotted will of course be the resultant of the field due to 
the current and that of the earth, and will depend on the 
direction made by the coil with the meridian. I'he student 
should plot these fields for himself for different positions of 
the coil. 

The field due to the coil alone is shown in Fig. 256^/. 
The lines of force are closed curves surrounding the current. 
This field of force is similar to that produced by a thin plate 
of iron or steel magnetised so that its axis is at right angles to 
the surface of the plate — that is, so that one face is a north 
pole and the other a south (Fig. 256 /^). Such a sheet is 
known as a magnetic shell. 
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A curn'ut flmving in any closed circuit acts exactly like a 
tfiayinetic shelly the cdt^cs of which coincide with the wire carrying 
the current^ and the buliaviour of the one can be deduced 
from that of the other. 'I'his is known as Ampere’s law. 

'I'hus our circular coil of wire when carrying a current 
behaves as if one. face of it were a large north pole, and the 
opposite face a south pole. Thus, if the north pole of a 
magnet is brought near one side of the coil, the latter will be 
attracted ; if near the other, it will be repelled. Again, if the 
coil is free to turn, it will set its *lf in a magnetic field in 
exactly the same way as a comi)ass in'crlle. It must be 
remembered that as the 
magnetic a>^s of the coil 
is at right angles to the 
plane of the coil, the 
latter will set at right 
angles to the field. 

'I'hese results can be 
illustrated very simply by 
the lloating battery of de 
la Hive. A copper and 
a zinc plate are floated in 
dilute sulphuric acid by 
means of a large cork, 
and the plates are con- 
nected by a .small circular 
coil of several turns of 

wire. A current passes k,g. 257.-1). i., Ki^c•s Huatiny 
from the copper to the B.utcry. 

zinc, as shown in Fig. ^ 

257. If the north pole of a bar magnet is presented to 
the side nearest the spectator in the figure, the coil will 
move towards the pole ; if to the other side, the coil will be 
repelled. If left to itself, the coil will set so that its plane is 
at right angles to the meridian — that is, with its magnetic axis 
in the meridian. 

323. Moving Coil Galvanometers. — The couple on a coil 
suspended in a magnetic field is, under given circumstances, 
directly proportional to the strength of the current passing 
through the coil ; the effect can thus be used for measuring 
currents. A coil of several turns of thin insulated wire is 
suspended by a phosphor bronze suspension between the 
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poles NS of a strong permanent magnet (Fig. 258). A 
cylinder B of soft iron i^ placed within the coil (without 

touching it) to concentrate the 
lines of force of the magnet 
u])on the coil. The current 
enters the coil through the 
suspension and leaves by a very 
Ho.xible spring. 

When no current is flowing, 
the plane of the coils is set 
in the plane of the magnetic 
field, />. parallel to the lines of 
force. When the cirrent passes, 
there is a couple lending to set 
the coil at right angles to the 
field. This is resisted by the 
^ torsion of the suspension, and 

Fig. 25'^ —M.nin- Coil 5°*' assumes some inter- 

Gahan .iiicici. mediate position. It can be 

shown that the deflexion of tiie 
coil is directly proportional to the strength of the current in 
the moving coil. This property is very convenient in instru- 
ments designed to give the strength of a current directly by the 
motion of a pointer over a graduated scale, 
and most ammeters, as these instruments a b 



are called, work on this principle. 

Another advantage of this type of galvano- 
meter is that it is not affected by small 
external magnetic fields, as is the case with 
instruments like the 'rangent, or the 
Thomson galvanometer, in which a sus- 
pended magnet is employed. 

324. Magnetic Attraction of Two 



< 

N 



Ourrents—Since a current flowing in a 

circuit is equivalent to a magnetic shell, two l)ci\veen two Currents. 

currents flowing in neighbouring circuits 

will behave towards each other like two magnets. Thus, if two 


coils are placed close together with their planes parallel, they 
will either attract or repel each other according to the direction 
in which the currents arc flowing. The polarity of the faces can 
be determined by the corkscrew rule (§ 313). It will be found 
that if the current is flowing in the same direction in each 
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coil, the adjacent faces of the two coils will be of opposite 
polarity, and there will be attraction (Fig. 259) ; if the currents 
arc llowitig round the coils in opposite directions, the adjacent 
fact's will liave the same polarity, and there will be repulsion. 

325. ElectrO'Magnets. — If w'e wind wire (covered w'ith 
insulating material such as cotton or silk) upon a long 
cylinder, starting at one end and winding the wire always in 
the same direction until the other end is reached, we have 
what is known as a solenoid (Fig. 260). If a current is 
{)assed through the solenoid, each of the separate turns of 
wire acts as a magnetic shell wdlh its axis parallel to the axis 
of the cylinder. There is thus a magnetic field inside the 
solenoid the- lines of which are parallel to the length 
of the cylinder. One end of the solenoid will therefore 
behave as a north pole, the other as a south. The polarity 
can bt^ determined from the direction of the current by the 



Fk;. 260. — Magnetic Field due to a Solenoid. 


corkscrew rule. If the current is flowing in the direction 
indicated by the arrows, the polarity will be as showm in the 
figure. 

The field inside a long solenoid is very nearly uniform. 
It can be shown that the field F inside a long solenoid is 
given by 

F = 4^r//C 

where n is the number of turns of wire on unit length of the 
cylinder, and C is the current measured in absolute electro- 
magnetic units. Thus, if the solenoid has 10 turns to the 
centimetre, and a current of i ampere, that is, ^'^th absolute 
unit, is passed through the coils, the magnetic field inside the 

solenoid will be 4‘t x i o x that is, 1 2*5 gauss. It is evident 

that if large currents are available very strong magnetic fields 
can be produced in this way. 

If a bar of iron or steel is placed in the solenoid it will 
become magnetised by the field. If steel is used the 
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magnetism will persist after the current is cut ofT. This is the 
best way of making permanent magnets. If the solenoid is 
wound on a soft iron core the iron will become a strong magnet 
while the current is passing, but will lose its magnetism when 

the (iirrcnt is cut off. It 
forms what is known as an 
electro - magnet. Electro - 
magnets are generally made 
in the form show’n in Fig. 
261. 'fhe cylindrical iron 
cores are liimly bolted down 
on a soft iron base, each 
core being furnished with its 
own magnetising coil. If the 
magnet is to be one of the 
UMial type, having a norih 
and south pole, the coils must 
be arranged so that the cur- 
rent flows round them in 
opposite directions as S(*en 
by an observer looking down u{)on the magnet from above, 
as indicated by trc'* small circles placed above the [)olcs in 
the figurt'. If the din*cuon of tht‘ current through the magnet 
is reversed, the polarity will also be re\eised. 



Fig. 


-hlcc;in-.\Lmnei. 
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EXAMINATION QUESTIONS.— XVI 

1. What are the principal effects of an electric current? 
What experiments would you make to d(‘monstrate them ? 

2. Describe experiments to show the way in which a mag- 
netic field is associated with an electric current. Under what 
circumstances can the measurement of a magnetic field serve 
as a measure of the ekiclric current? 

3. Explain how the strength of a current is defined. 
Describe fully one method of measuring the strength of a 
current. 

4. Sketch the lines of magnetic force due to an electric 
curr(‘nt flowing round a circular coil, neglecting the earth’s 
magnetic field, h^xplain the method of measuring ♦he strength 
of a current by observations on the deflexion of a magnetic 
needle susjiended at the centre of the coil. 

5. Describe the construction and method of use of a 
tangent galvanometer. 

6. What is meant by the reduction factor of a galvano- 
meter? A tangent galvanometer has 20 coils, each of 8 cms. 
radius. Calculate the reduction factor of the instrument for 
a place where H = o’2o. 

7. A current flowing through a tangent galvanometer con- 
sisting 'of 10 turns of wire, of radius 8 cms., produces a 
deflexion of 45° when the instrument is in a place where 
U = o*iS dyne per unit pole (gauss). What is the current? 
What alterations would you make in the instrument so that 
it would give the same deflexion for a current of ^fa^ th of 
an am[)ere ? 

8. l)escribe some form of sensitive galvanometer, e.xplain- 
ing the principle on which its action is based. 

9. Describe experiments to show that a circuit carrying a 
current behaves like a magnet. Under what circumstances 
will two neighbouring circuits repel each other? 

10. Describe some form of moving coil galvanometer, and 
explain the principle on which it acts. What are the advan- 
tages of this form of galvanometer? 
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326. Two Kinds of Conduction. — If the poles of a voltaic 
cell are joined by a metallic wire, a current passes, iiie wire 
is a conductor of electricity. If the wire is cut '^nd the ends 
dipped into a solution of dilute sulphuric acid : i water, the 
current continues to flow. I’he solution is also a conductor. 
The mechanism of the conduction is, however, very different 
in the two cases. In the case of the wire there is no motion 
of the molecules of the wire, 'fhis can be verified by press- 
ing a rod of silver against the end of a rod of cofiper, and 
passing a current acro.ss the junction for some lime. If the 
rods are then sej)arated anil chemically analysed, it is found 
that there is no trace of silver in the cojiper, and no copper 
in the silver. The current has passed from one to the other 
without any transference of the material of tlie bars. 

On the other hand, when the current is passing through 
the dilute sulphuric acid, it is obvious that the substances in 
the solution are affected by the current. A stream of bubbles 
can be seen coming off at each of the wires dipj)ing into the 
solution, showing that the .solution is being decomposed by 
the passage of the current. This type of conduction is called 
electrolytic^ and the liciuid is called an electrolyte. 

327. Electrolytes. — A substance in tvhich the passage of an 
electric current is attended with chemical decomposition is hunvu 
as an electrolyte. 

The most common electrolytes are solutions of salts, 
acids, and bases in water. Many fused salts also act as 
electrolytes — such, for e.xample, as fused potassium hydr- 
oxide. A few solid electrolytes are also known, for e.xample 
silver iodide. 

The conductors by which the current enters and leaves the 
electrolyte are known as electrodes ; the positive electrode is 
called the anode, the negative one the cathode. A vessel 
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fitted with electrodes and containing an electrolyte is known 
as an electrolytic cell. 

328. Electrolysis. — Supi)ose we take an electrolytic cell 
containing dilute sul|)huric acid, and invert burettes over the 
electrodes to collect and measure the gases evolved. If we 
pass a constant current through the cell it can quite readily be 
seen that the gas is evolved at a constant rate ; the total amount 
of gas evolved is therefore directly j)roportional to the time 
for which the current has been flowing. Again, if we increase 
the current, the rate of evolution of gas is also increased ; if 
we diminish it, the rate of evolution of gas is also diminished. 
Thus the ejuantity of gas evolved is also directly proportional 
to the streng'h of the current. 

'I'he gas evolved at the anode will be found to be oxygen, 
and that at the cathode hydrogen, and it will readily be seen 



Fig. 262. — Experiment to verify Faraday’s Laws of Electrolysis. 


that the volume of the hydrogen is exactly twice that of the 
oxygen. But we know that one volume of oxygen is chemi- 
cally equivalent to two volumes of hydrogen. Thus the 
masses of the two substances evolved are directly proportional 
to their chemical equivalents. This is a particular instance 
of a general law. Let us arrange a number of electrolytic cells 
in .series (Fig. 262), say, one containing dilute sulphuric acid as 
before, one a solution of silver nitrate, another containing a 
solution of copper sulphate, and so on. We may also make 
the cells of different sizes, some with electrodes of thin wire, 
and others in which they consist of large plates immersed in 
the solution. The same current is now passed through the 
whole of the cells for some convenient time, and the products 
of electrolysis are collected and weighed. Hydrogen and 
oxygen are liberated at the poles of the cell containing the 
acid, silver is deposited on the cathode of the cells containing 
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silver nitrate, and co|^por on the catliodc of the copper suh 
phate cells. It will be four' I 

{(i) Thill the same weight ol\iny ^iven element is deposited 
in each of the cells in which it is one of the products of decoinpo 
sition — that is to say, the amount of copper deposited is the 
same ; whether the cell is large or small, whether the electrodes 
are close together or far apart, and whether the electrolyte 
consists of, say, copficr sul[)hate or copper nitrate. 

(/») 'rhe woight.s of the different elements deposited are 
directly {)roportional to their chemical eijuivalents. Thus, if 
the amount of hydrogen evolved weighs i gram, the weight 
of the oxygen liberated will be 8 grams, that of the copper 
31*5 grams, and silvei 108 grams. 

329. Faraday’s Laws of Electrolysis. — These results, which 
were first obtained by Faraday, may be summarised in the 
following laws : 

1. The mass of any substance liberated from an electrolyte 
by the passage of a current is directly proportional to the 
strength of the current and to the time for which it flows. 

IL If the same current passes for the same time through 
different electrolytes, the masses of the different substances 
liberated will be directly proportional to their chemical 
equivalents. 

Since the product of the strength of the current into the 
time for which it flows measures the total (iiiantity of electricity 
passing through the apparatus, the first law may be stated in 
the form — 

The mass of any substance liberated from an electrolyte is 
directly proportional to the quantity of electricity which has passed 
through it. 

The mass of a substance deposited by the f assay;e of unit (]ua?i- 
tity of electricity is known as the electro-chemical equivalent of 
the substance. 

It is generally measured by the weight in grams deposited 
during the passage of i coulomb. Thus, if e is the electro- 
chemical equivalent of copper, the w'eight of copper deposited 
by the passage of q units of electricity will be given by 

m = eq 

If the decomposition is effected by a constant current of 
strength c (amperes) passing for a time / (seconds), we have 
from the above 

m^ect 
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If we mcjiSure the current passing through an electrolytic cell, 
ihe time for which it Hows, and he mass of the substance 
vleposited, its electro chemical equnalent can be determined 
from the relation 




m 

ct 


It follows from the second law that the electrochemical 
ctjuivaU nts of the various suhstances are directly proportional to 
their chemical et/u hale nts. Thus, if we know the electro- 
chemical e(iuivalent of one elenKMit, those of the others can 
be calculated from their cliemical efjuivalents. The electro- 
chemical ccjuivalent of silver has been determined with the 
greatest accuracy. It 
is found that a cur- 
rent of I ampere 
flowing for i second 
deposits 0*001 1 18 
gram of silver from 
a solution of a silver 
salt. 'Fhe electro- 
chemical ctjuivalent 
of silver is therefore 
0*001 1 18 gram per / 
coulomb. Since its ^ 

chemical equivalent Fig. 263.— Silver Voltameter, 

is 108, the electro- 



chemical equivalent of hydrogen 


. 0*001 1 18 

IS that IS, 

1 00 


0*00001038. That of any other substance can be obtained 
by multiplying the electro-chemical eciuivalent of hydrogen 
by the chemical eipiivalent of the substance. 

330. Voltameters. — 'Fhese results afford a method of measur- 
ing the (Quantity of electricity passing through a given circuit. 
An electrolytic cell is connected in series in the circuit, and 
the mass fn of substance deposited on one of the electrodes 
is measured. If e is the electro-chemical ecpiivalent of this 
substance, then the quantity of electricity which has passed 
through the circuit is given by 


m 



An electrolytic cell used for this purpose is called a 
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voltameter. The silver voltameter is the most accurate. Il 
consists of a platinum diM (Fiji;. 263) containing a solution 
of silver nitrate in water, which foinib the cathode, while a silvcM 
rod dipping into the solution is the anode. Silver is dej)osited 
on the dish, and its weight can be determined by weighing the 
dish before and after the experiment For laboratory purposes 
a copper voltameter is often used in which copper sulphate 
is substituted for the more expensive silver nitrate, and both 
the electrodes are of copper. The 
copper is deposited on tlie cathode 
or negative electrode. The defect of 
the copper voltameter is the ease with 
which the deposit of C'^pper becomes 
oxidised during the processes of drying 
and weighing. 

A hydrogen voltameter is also 
used. A convenient form is shown 
in Fig. 264. The two electrodes, 
which should be made of platinum 
to avoid chemical reaction between 
the electrodes and the products of 
electrolysis, are sealed into the two 
limbs of a U-tube. The limbs 
are graduated so that the volume 
of the gas evolved can be read 
off. The voltameter is completely 
filled with dilute sulphuric acid 
by means of a funnel, the taps 
are then closed, and the voltameter 
Fig. 264. —Hydrogen is ready for use. The mass of th(‘ 
Voliaineter. hydrogen evolved is determined from 

the volume, its density being known. 
If the current passing through the apparatus is constant, its 
value can be determined by the voltameter by allowing it to 
pass for a measured time /. Then since m^e , c . we have 

— ^ 
et 

If the current i» not constant, c will be the average current 
through the voltameter during the time of the experiment. 

331. Theory of Electrolysis. — There is much evidence, both 
chemical and physical, for believing that the molecule of an 
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electrolytic substance when dissolved in water dissociates or 
splits up into two or more atoms o‘ groui)s of atoms (according 
to the nature of the substance), each of which carries an elec- 
tric charge (l‘'ig. 265). These charged systems are known as 
ions. It is found that the metals and hydrogen are always 
deposited in the cathode, or negative plate, while the acid 
particles and non-metals such as oxygen and chlorine ap[>ear 
at the anode. The former are therefore called electro-positive 
ions since they presumably carry positive charges ; the latter 
are called electro-negative. 'Fbus a solution of sodium chloride 
breaks up into ions of sodium and chlorine, the .sodium ions 
carrying a positive, and the chlorine a negative charge. Since the 
clcctrol>te as .n whole is neutral, the charge on the sodium ion is 
equal and oj)posite to that on the chlorine ion. It can be shown 
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Fig. 265. — Theory of Elcclruly.^is. 

that all monovalent ions carry the same charge. Similarly, 
a solution of sulphuric acid breaks up into one compound ion 
(SO4), which is negatively charged, and two hydrogen ions, each 
of which has a positive charge. The negative charge on the 
SO4 ion must therefore be twice the positive charge on the 
hydrogen ion. The charge on a divalent ion is therefore twice 
the charge on a monovalent ion. 

Let us consider now the electrolysis of a solution of sulphuric 
acid, iiie electrodes are maintained by the battery at a 
constant difTerence of potential, the anode being positive and 
the cathode negative. 'There is thus a field of electric force 
across the electrolyte, and the ions being charged begin to 
move, the negative to the anode and the positive to the 
cathode, with a velocity proportional to the field. Thus w^e 
have a steady drift of the positively charged ions in the direc- 

30 



466 


MANUAL OF PHYSICS 


tion of the cathode, and of negatively charged ions in the 
direction of the anode. Ih t, as we have seen (S 312 ), a motion 
of negative electricity from cathode to anode is c»jui valent 
to a motion of positive electricity in the opposite direction. 
Thus from the electrical point of view each of tliese drifts may 
be regarded as conveying positive electricity from anode to 
cathode — that is to say, the moving ions convey a current fiom 
the anode to the cathode through the solution. 

Let M be the mass of the ion of one kind in the solution, 
and ^ the charge upon it ; and let us suppose that in a giv(‘n 
time /, // of these unis reach the t‘lectrode. 'Then the chaige 
conveyed to the electrode is e(iual to //.</; while the mass of 
the substance deposited is // . ///. 'Fhe ratio of the mass of 
substance deposited to the quantity of e* M‘tri('ity paNsei’ 
through tne solution (/>., the electro chemical equivalent) is 

- ^ n . ni m . . . , . , ^ , 

therefore ■- = , and is constant tor a given kind of ion. 

// q 

The electro-chemical cciiii valent of a substance is therefore the 
ratio of the mass of a singU; ion of the substance to the charge 
upon it. 

Now the mass of a given ion is proportional to its atomic 
weight, while the charge upon it is pro[)ortional to the 

valency. The electro-chemical e<|uivalcnt is therefore [iro- 

, atomic weieht , . , , • , 

portional to the ; that is, to the chemical (.*quiva- 

lent. Our theory of electrolysis, therefore, gives a simple 
explanation of the ex [icri mental laws of Faraday. 

332. Secondary Actions. — When an ion has given up its 
ionic charge to the electrode it re.sumes its ordinary chemical 
character, and may thus react either with the surrounding 
water or with the material of the t^kjclrode. For e.xample, in 
the electrolysis of dilute sulphuric acid in a coll with platinum 
electrodes, the hydrogen, being unable to react with either the 
water or the electrod<i, is given off as a gas. On the f)ther 
hand, the negative ion S()^ reacts with the water surround- 
ing the anode to form sulphuric acid and oxygen which is 
evolved. The total quantity of sulphuric acid therefore 
remains unchanged by the action of the current, and the 
experiment is often described as the electrolysis of water. 
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This description is incorrect. Pure water is not an electrolyte, 
and is practically a non conducto of electricity. 

'fiiese reactions at the f‘l<‘ctrodes are known as secondary 
actions. 'I'hey are of con.sideraljle importance*, and may be 
very complicated. 

333. Polarisation of the Electrodes.- If we attempt to pass 
a current through a hydrogen voltameter lising a single voltaic 
Cell, or a single Daniell cell, we shall find it impos-^ible to do 
so. A momentary current passes at the tirst closing of the 
circuit, Init rajiidly dies away to nothing. This can be shown 
to be due to the production within the voltameter of a 
potential difference whi('h acts in the opposite direction to that 
of the cell p»-odu<;ing tiie curn-nt. When a current is passed 
through the voltameter the eioctrodes luM'ome coated with 
layers of oxygen and Indrogen ies[jectively. The.^e elements 
have a strong affinity for each other, and their tendency to com- 
bine is repre.sented electrically by the existence of a potential 
difference between them. 'I'liis potential difference can easily 
be demonstrated. If a current is se*nt through the volta- 
meter for a little while to produce a coating of the gases on 
the electrodes, and the battery producing the current is dis- 
connected, then on joining the two electrodes through a 
galvanometer a current will How through the galvanometer 
from the oxyg(*n to the hydrogen, and therefore through the 
acid in the voltameter from the hydrogen to the oxygen. 
'Fhe current will continue to flow until the layers of gas have 
recombined, 'fliis effect is known as polarisation. 

It is obvious that to pass a continuous current through the 
voltameter we must apply a difference of potential to the 
jilates greater than the jiolarisation potential, or back electro- 
motive force, as it is often called. 'Fhe back E.M.F. in a 
hydrogen voltameter is greater than the E.M.F. of a simple 
voltaic or a Daniell cell, but less than that of two such cells. 
Hence we can decompose water with two Daniell cells, but 
not with one. 

It will be seen that the platinum plates when covered 
with oxygen and hydrogen behave in exactly the same way as 
the copper and /inc plates in a voltaic coll, the hydrogen 
[)late corresponding to tlie zinc and the oxygen plate to the 
copper. 

When the current is pas.sed through the voltameter in the 
usual way, it is obvious that it is being forced through against 
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the back E.M.F. due to the polarised plates, and that the 
electricity is heiiii; transt'crroc across the electrolyte from a low 
to a hv^li potential. Consequently, work is being done (§ 294) 
in the cell, since the potential of the electricity is being rais'ed. 
This work, which is supplied by the battery driving the 
current, provides the energy required to decompose tlie 
electrolyte. 
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EXAMINATION QUESTIONS.— XVTI 

1. State Faraday’s laws of electrolysis. Describe how 
they may be tested experimentally. 

2. What is the electro-chemical ecjuivalent of a substance ? 
Explain how the average current through a circuit may be 
found by means of a voltameter included in the circuit. 

3. Describe briefly the way in which an electric current is 

conducted through a solution of copper sulphate. What 
weight of copper would be deposited from such a solution by 
the pas.sage through it of 20 amperes for three hours? The 
electro-chem’cal ecjuivalent of copper is 0*0003 28 per 

coulomb. 

4. Distinguish between the chemical and the electro- 
chemical equivalents of a substance. A current of 3 am- 
peres flowing through a solution of sulphate of copper for 
half an hour deposits 1*78 gram of copper (atomic weight, 
63*6). Calculate the electro chemical ecjuivalent of hydrogen. 

5. A constant current is passed through a silver volta- 
meter and a tangent galvanometer connected in series, for 
twenty minutes. 'Fhe weight of silver de])osited is found to 
be 0*2 gram, and the deflexion of the galvanometer is 45®. 
Calculate the reduction factor of the galvanometer. 

6 . Explain why it is impossible to electrolyse acidulated 
water by the action of a single Daniell cell, and describe an 
experiment in support of your explanation. 

7. Explain what is meant by the polarisation of an electrolytic 
cell, and describe an experiment to illustrate the effect. Why 
is there no polarisation when a .solution of copper sulphate is 
electrolysed using copper terminals ? 

8. Calculate the cost for current of depositing t gram of. 
copper by electrolysis, assuming that a current of i ampere 
can be obtained for one penny per hour. The electro- 
chemical equivalent of copper is 0*000328 gram per coulomb. 
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THK V()i;rAl(' C Kl.L KLIKTRO-MOTIVK 
l-OlU’K 

334. The Voltaic Cell. It has already been noted that if 
a plate (){' cojipei and a p’atf' i>t /me are nnrner. ed in dilute 
ae;d a diUeroiu'e (if putep;..;' set up hetwi'cn the two metals, 
wliidi is maintained as lon^; as tiv* ('ell is m working (irder. 'This 
difference of jvjiential is known as the electro-motive force of 
the ceil, and depends on the nature of tlu‘ two nuaals and the 
exciting tiiiid. Cells may bt' formed of other jiarrs of metals 
and with other t. lecti'olylie thiids between the plates. It is 
un’v ne('< <sary that the two ineta’s should be ditf'-ient, and 
that oT'.e (.f tl^» rn should be aett d upoir ('lieinii ally by llie 
li'juid sinroimdin^ tliem. 

7\he li.nv 'Ui hv whi' h (le* potenti.d diifenaiet: is pio- 
d’je'.d not N't salistat »:i’v e\plain(‘(l. 'The soiirca* of 
du* tn'i«. »»1 tr.e ('uinait produced by the (a*ll is th‘- 
('li-rnicai energv lii»eiatcd during the action of the exciting 
fluid on the me:.il. When /ine (lisso!\es in sulphuric acid, 
t.nergy is liberated in the foim of heat. When, however, the 
actiem takes place in the voltaic' cell, this energy is liberated 
not as heat but as the energy of tlie electric current. It is 
pO'-.^ible to calculate the eleclrc; m(jli\e force ol a voltaic cell 
from a knowledge of the energy of the chemical clianges w’hich 
take place in the cell. 

Since there is no accumulation of electrical charge at any 
point in a current circuit, the same quantity of electricity must 
flow across every cross-section of tlie circuit in a given time. 
The phenomenon is, in fact, very much like the flow of water 
through a closed system of pipes. 'Fluis, as a current flows 
from the copper to the zinc plate along the wire joining thcmi, 
it must complete the circuit by flowing from the zinc i)late 
to the copper plate within the cell itself. Keeping to the 
hydrostatic analogy, we may regard the cell as a sort of 
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automatic [.iimp taking in dectricity at a low pressure and 
giving it oui at a high pressure, and thus maintaining a ci.cu- 
lation of < lectricity round the circuit. The difference in 
pressure on the two sifles of such a pump is analogous to the 
electro-moiiv(i force of the cell. 

335. Polarisation of the Cell. — Since the liquid between 
the [)lat(‘s of the cell is an electrolyte and a current is passing 
through it, the plates tend to become polarised, in just the 
same way as the plates in a voltameter. Thus, in the case of 
the simple cell, hydrogen is deposited on the copper plate and 
fomis a polarising layer on it. Now this polarising layer, as we 
have seen (§ 333), sets up a potential difference in the opposite 
direction to *hat which produces it. The current within the 
polarised cell tends to flow from the hydrogen to the zinc instead 
of from the zinc to the copper. On this account, as the hydrogen 
ac cumulates, the effective electro-nujtive force of the cell rapidly 
falls, and finally the c'ell ceases to furnish any useful current. 

The presenc e of the layer of hydrogen, which is a bad con- 
ductor of electricity, aNo tends to reduce the current by inter- 
posing a badly ( onducting substance in the path of the current 
'fhe curnuit given by a >imple cell thus rapidly falls to a very 
''mall \alue if the cell is used for any length of time. 

336. Depolarisation. — I'he polarisation of a cell can 

obviously be pi evented if we can ensure the removal of the 
pcrlari‘'ing layer of hydrogen as fast as it is formed. A simple 
cell can he restored to action by taking out the copper plate 
and cleaning it. It can also bo kept working by brushing 
off the hydrogc-n as it forms by some sort of scraper. These 
methods are obviously inconvenient. It is better to remove 
the hydrogen by surrounding the plate with some substance 
which will act upon the hydrogen chemically. The ditferent 
forms of cell in common use are all designed to overcome 
the polaiisation of the I'U ctrodcs. • 

337. The Daniell Cell. — 'rhe most satisfactory arrangement 
is one due to Daniell. The zinc plate Z (usually a cylindrical 
rod) is contained in a porous pot P (Fig. 266) containing 
dilute sulphuric acad. The petrous pot is placed in a wider 
c()j)per vessel containing a saturated solution of copper 
sulphate. The copper vessel forms the copper plate of the 
cell, while the copper suli)hale solution is the dcpolansin^ 
fluid, 'i'he porous pot prevents the mixing of the two fluids 
in the cell without interfering with flow of the current. 
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When a current is allowed to flow hy joining the two poles 
of the cells, the acid acts upon the zinc, forming one sulphate, 

and iihcrating h) 


Z n 
xN. 




4r; 

S'j.phunc 

3Cld 


ill^ilCa 


I - Copper 
sulphate 
solution 


L 


Fr, 


7 /) luj. U ( \ IJ. 


drogen ions which 
pass from the zinc 
towards the copper 
vessel On entering 
the copiHJr sulphate, 
however, the hydro- 
gen ions r^Hace ilie 
copper in the com- 
pound, forming sul- 
phuric' acid and 
liberating copper 
ions which trawl 
on with the ciineni, 
and are finally 
deposited on the 
coj)pcrv(*ssci. Thus 
copper instead of 
f)late. As the nature 
no polarisation. 


hydrogen is de[) 0 '>ited on the (' 0 |)per 
of the {)late is not changed, there is 

The Daniel I cell gives 
a very constant elec tro- 
molive force, and is 
much used in experi- 
ments where a constant 
current is required. Its 
disadvantages are that 
the E.M.F. of the cell is 
rather small, and that it 
requires to be taken to 
pieces when not in use. 

338. The Bichromate 
Cell. — In this arrange- 
ment the hydrogen 
formed is oxidised by 
mixing an oxidising 
agent, potassium bi- 
chromate, with the sul- 
phuric acid. As only one fluid is employed, no porous pot is 
required. As a mixture of sulphuric acid and bichromate acts 



Bichromiitp 

solution 


Hg. 267. — The Bichromate Cell. 
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on ( upper, the copper plate is replaced by one of carbon, which 
functions ns the positive plate of the cell. As generally con- 
structed (I'ig. 267), the cell has two carbon plates, one on each 
side of the zinc plate. These carbon plates are connected 
together, and form the positive pole of the cell. The zinc is 
mounted on a long sliding rod, so that it can be drawn up out 
of the liquid when the cell is not in use. This cell has a large 
E.M.F., and is capable of producing a considerable current, 
which, however, is not so constant as that of the Daniell. The 
fluid is highly corrosive, and the zinc plate must be taken out 
of the solution as soon as the current is no longer required. 

339 . The Leclanche Cell — The Leclanch^ cell differs from 



the previous ones in employinga solution ol ammonium chloride, 
instead of sulphuric acid, as the exciting fluid. The negative 
plate is, as usual, a rod of zinc — the positive plate being, 
made of carbon. The carbon plate is surrounded with a 
depolarising mixture of crushed charcoal and pow'dered 
manganese dioxide, which gradually oxidises the free hydrogen 
into water. This mixture may either be contained in a porous 
pot (Fig. 268) or. compressed into a solid mass iround the 
carbon plate. 

The depolarising action of the solid mixture is slo>v, so 
that if the current is allowed to flow for any length of time 
the cell becomes polarised, 'rhe polarisation is gradually 
destroyed if the cell is allow'cd to stand. The Leclanchd 
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ceil is, therefore, not suitable for continuous work. It has, 
however, the great advantage that the exc iting fluid lias no 
action upon the zinc when the current is not flowing. The 
cell can, therefore, be left in working order for any length 
of time without deterioration, and is thus exceptionally 
useful for such purjioses as ringing ek* :ric bells, or working 
a telephone. 

The ‘‘dry” ct‘ll, now so largely used in fla.sh lanif)s, is 
practically a Leclaiu he cell, in which the aininoniuin cliloride 
IS mixed with plaster, zinc chloride, and ilour. 'I'liis srts into 
a porous mass, and the cell can thus be carried about witlmai 
fear of spilling. 

340. The Accumulator, or Secondary Cell. - -In the cells 
we havr ju^l dc>ciibt‘d ti\c ('iiitx ni is [>rodi.crd by the con 
Niimprion of !fv‘ /me p.'i- \ wokIi is clu'mically aetrd iipot. 
by the exciting ilifd. U is much moie cconomiial to 
produce an elect! ic can cut by the aciit)n of machines known 
as dynamos or genaanas p:; .V’7)' the current used 

commercially is generated in tin-) \Na\. l*\)r many [)m[)0'>cs, 

howL'\t.r, a more [)oitab!e souice of cunent is retjuiriid. d'he 
difficUitN ran b * s()]\e(l by the use of an ik ( iimiilator. 

If we pa*^'' a cunciu through a hydiogen voltameter, we 
have ^een that a » \v\\ nt nun afterwards l>e ohlaiiu'd from it by 
joining the elceirodi^ by a wire. 'The instrument acts as 
a cell, and is in ta< t a sort of accumulator or secondary 
battery. I’art of the energy given to the apparatus by the 
piimary electric < urrnu is stcaed in it in llu: f(;rm of cliemical 
energy, and is ir.in -formed again into electrical energy when 
the electrodes are joined. As the (jiiantity of gas whicli can 
be condensed on the electiodes is small, this form of second- 
ary cell is of no pra( tical u-ie. 

, The ordinary accunm..itor consists of two lead iilalcs, 
stamped in the form of grids and packed with lead oxide. 
If a pair of these is immersed in sulphuric acid, and a current 
passed from one to the other, chemical changes take place 
in the plates, resulting in the formation of lead peroxide on 
the one plate and of metallic lead f)n the other. If the 
charging current is stopped, and the plates joined by a wire, 
a current flows through the wire from the highly oxidised 
plate to the oxidisahle plate, just as it flowctl in the polarised 
voltameter from the oxygen to the hydrogen. 

If the current is allowed to flow, the condition of the two 
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plates changes, the positive plate being reduced to lead oxide, 
while the negative plate becomes oxidised again. It must 
be noted that the energy is not stored in the accumulator in 
an electrical form. It is converted into chemical energy, and 
only resumes its electrical form when the call is allowed to give 
a current. 

The electro-motive force of the accumulator is practically 
constant during the greater part of the discharge, and only 
begins to fall when the accumulator is nearly exhausted, 
'riie cell can then hercdiarged by pas.-sing a current through 
it. 'riie E.M.I\ is higli, being equal to twice that of a 
Daniell cell. 'I'lie <|Uantity of electricity which can be 
obtained trom su<‘h a cell after a full charge is proportional 
to the area of the and is very considcraVjle. Accumu- 

lators made to lit an 01 dinary jjockel flash lamp will furnish 
a current of half an ampere for ten hours on a single charge ; 
while the larger batteries used for motor-car ignition, etc., 
will give a cuirent of 1 ampere continuously for forty hours. 

341. Units of Potential Difference, and Electro-Motive 
Force. - The dilicTiince of (jotential between two points has 
b(‘en defined 2t)4) as the work done! in moving unit 
(juantily of ele<'tricity from the one {xjint to the other against 
the ele('trie field. 'Two point.s are said to be at unit difference 
of jiotential if i erg of work is expended in moving i unit 
of charge from one point to the other. The magnitude of 
tlu' unit, therefore, depends on the si/o of the unit of charge. 

On the absolute electro-magnetic .system of units — 
(fi/rt’n’fii-e of is the potential difference existing behveen 

t 7 Vo points 7 vhen i eri^ 0/ 7 vork is spent in moving i absolute 
electro- magnetic unit of charge from the one point to the other. 

'rhis unit of potential difference is very small indeed, being 
rather less than one hundred-millionth of the potential 
difference between the poles of a Daniell cell. For practical 
purposes a potential difference equal to one hundred million 
(10'^) times tlie absolute unit is taken as the unit of potential 
difference. It is known as the volt. 

'rhus — 

1 VOLT = 10" Absolute Electro-Magnetic Units of Potential.^ 

Ei.kctro-Motivk Forck is often used as equivalent to 
l)olential difference. Strictly speaking, the electro-motive force 
of a battery is the potential difference between its foies when on 



476 


MANUAL OF PHYSICS 


Open circuit — that is to say* when the poles are not connecter 
by a conductor and consequently the cell is giving no current 
It is often used loosely as simply ecjuivalent to potentia 
difference. Since, in either case, electro-motive force is i 
potential difference, it is measured in the same units — thai 
is, in volts. 

Since the potential difference is measured in volts it is 
often spoken of as the voltage, rhe E.M.F. of a Daniell 
cell is i*o8 volt: that of a Leclanchc* about 1*4 volt; and 
that of an accumulator, 2 2 volts when fully charged. Instru- 
ments have been designed which measure potential difference 
directly in volts. They aio know!\ as voltmeters. 

342. Electrical Energy and Power. — It folio .vs immediately 
from our definition of unit potential difference that the work 
done in moving a (juantity of electricity Q through a differeiKo 
of potential E is gi\en by 

\V=E . Q ergs 

when E and Q are both measured in absolute units. Now 
the practical unit of charge, the coulomb, is one-tenth of the 
absolute unit, while the practical unit of potential difference 
is 10® absolute units. Hence the w'ork \V done in moving 
I coulomb through a potential difference of i volt is given by 

\V = I o® X ^ =10" ergs 
ro 

TAc work done ivhen i coulomh is moved throu^e^h a pokntiat 
difference of i volt is knowfi as a joule. The joule is thus the 
practical electrical unit of ivork or ener^'^ and 

1 JOULE = 10" ergs 

By the con.scrvation of energy work will be done by the 
electricity if it is allowed to flow from the higher to the lower 
potential. 'Thus 1 coulomb of electricity in falling through 
a potential difference of i volt is capable of furnishing i joule — 
that is, 10^ ergs of work. 

Since a coulomb is the quantity of electricity passing when 
a current of i ampere flow's for i second, Q = C . / where C 
is the cui'i'ent in amperes and t the time of flow in seconds. 
Hence the work done by a current C amperes flowing for 
t seconds between two points differing in potential by E volts 

is given by w=E . C ./ joules 

= E . C . /X 10^ ergs 
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Power is the rate of doing work (§ 38). Hence electrical 
power is the rate at which the electrical current is doing work. 
The unit of electrical power is the watt. 

The ivatt is the power expended when the current is doing 
work at the rate of i joule per second. 

It i.s, therefore, the rate of working in a circuit when a 
current of 1 ampere is flowing between two points at a 
potential difference of i volt. 

In engineering, a kilo-watt, or 1000 watts, forms a suitable 
unit of power. The energy supplied by a circuit working at 
the rale of i kilo-watt for one hour is known as the kilo- 
watt hour, or the Board of Trade unit, and is the “unit” 
mentioned in the cjuarteily accounts of electric supply 
companies. It is oliviotisly a unit of energy, and is equal 
to I O'* X 60 X 60 — that is, 3 6 X 10® joules, or 3*6 X 
ergs. 
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Oiurs LAW— Ui:SISTAN(’E 

343. Resistance in Conductors. - Aliliuii^h a ronductini' 
metallic wire allows a current to pass throui^h it, it clots not 
do so without iinpedini; the iVee flow* of the electricity to a 
greater or smaller extent, 'riuis, if we connect a Haniell cell 
in series 'vith a tangent galvanomcttT by pit‘ces of short thick 
wire, and, after notinj; the dcllexion, substitute for one of the 
short wires a long piece of thin wire, the deflexion in the 
second case will be less than in the first. 'The electro-motive 
force of the cell remains the same, i}ut the ('urivnt supplii*d 
by it is reduccil 'The same K.M.h*. [irodiices a smaller 
current in the long thin wire than in tlu' short lhi(‘k wire. 
In other W(^id.s, the wire, though a condu' tor, offeis resist- 
ance* tw the |ia>^ag<‘ of the cmrent. 

344. Relation between Current and Potential Difference. ' 
Suppose W(j take a im‘iallic conductor, say, lor example, a 
long copper wire, and connecting it in sciies w'ith an ammeter 
or tangent gaIvanom<.*ter to measure the (’unent, pass a current 
through it from a constant batli-ry. As ele( ‘tricity is flowing 
from one end of the wire to the other it is obvious that a 
difference of potential exists between its ends. 'Phis (liffercnce 
of potential ran be measured by m(?ans of a quadrant electro- 
meter (§ 299 ). (Quadrant elcclronici»*is are now made suffi- 
ciently sensitive to record a potential difference of as little 
as a thousandth of a volt, and the measurement can thus 
be made wath considerable accuracy. 

Let us now increase the current througli the wire (by 
increasing the number of cells in the circuit), and again 
measure both the current and the potential difference between 
the end.s of the wire. It will be found that if the current 
is doubled, the potential difference is also doubled ; if the 
current is trebled, the potential difference is also trebled, and 
so on. In fact, the potential difference between the ends of 
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the con<lii( lor is directly proportional to the current flow- 

ing; thiou^h i>. 'riie cxix rinieni can be repeated with other 
melallie coiuhMlors of diflnunt sizes, materials, and shapes; 
or it may he vatied by taking a conducting wire and connect- 
ing iuiy two points on it to the terminals of the ejuadrant 
electrometer. If the wire is uniform and the current remains 
constant, it will be found that the potential difference is 
directly proportional to the length of wire between the points. 
For the same two points, however, it will be found that the 
potential difference between them will be directly proportional 
to the current flowing through the wire. 

For a }^iven conductor the ratio of the potential difference 
Mween its ends to the ct/rrent JPnvini^ throu fi it is a constant 
for the conductor tinder ^iven physical conditions. 

'I'his important relation is knowai as Ohm’s law. 

Thus, if 1*3 is thr diffcTcnc'e of poUmtial between the ends of a 
conductor, and C the current in it, then, by Ohm’s law, 


E 

C 


= constant 


Further, if E is the potential difference between any Hvo 
points on a ccjnductor carrying a current C, then is a con- 


stant for the given two [joints under given jdiysical conditions. 

SiiK'e the ])otcntial difference between two [joints is the 
electneal condition w'hicli determines the flow of electricity 
from one to the other, we may regard the current in the con- 
ductor as being caused by the difference of jjotential between 
its ends. In other words, we may regard this potential 
differenceas an electro-motive force acting along the conductor. 
Ohm’s law thus shows us that — 

The current produc ed in a given conductor is directly 
pro])ortional to the ap|)lied electro-motive force. / 

345. Definition of Electrical Resistance. — The important 


ratio 


E 

C’ 


which, as wo have seen, is a con.stant for a given con- 


ductor, will serve as a measure of the resistance ollered by 
the conductor to the [lassage of the current. If the con- 
ductor offers much re.sistance to the passage of tlie current, 
then a large E.M.F. will be reejuired to produce a given 

E 

current in it, and the ratio -- will be large. On the other 
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hand, if the conductor oflers little resistance to the 
comparatively small E.M.K. will he siiriieient to 

considerable current tiuongh it. and . the ratio 


current, a 
produce a 

will 1»(‘ 


small. 


The ratio of the electro motive force heturen the etiih of a ^iven 
conductor to the current throiie^h it is known as the 

electrical resistance of the conductor. 

The electrical re^istaiu'e of a conductor is thus defined as 
the ratio of the potential diffiTence between its ends to the 
current f)assing through it. 

By Ohm’s law this ratio is a constant for a given con- 
ductor under given physical eondiiions 
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Thus, for a given conductor, 


£ 

C 


R 


where R is by detiniiion the resistance of the conductor. 
This relation may also be expressed in the forms 


K:=C. R 


and 


C= 




R 


A conductor is said to have unit resistance if unit difference of 
potential betivccn its ends produces unit current in it. 

On the practical system of units a conductor will have unit 
resistance if a difference of potential of i volt between its ends 
produces a current in it of i ampere. 

'Phis unit of resistance is known as the ohm. 'I'hus — 

K (volts) 

(' (amperes) 


: R (ohms) 


346. Rc..istance of Conductors in Series.— If a number of 
conductors are connected end to end, so that the current 
flows in succession through each of them, they are said to be 
connected in series. Thus the wires AB, BC, CD in Fig. 
269 are connected in series. Since there is no accumulation 
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of electricity anywhere in the electric circuit the same current 
will flow in of the conductors. 

Let . . . bfti the potentials of the points A, B, . . . 

and let . . . be the resistances of the conductors 

AH, H(^, . . . 'I'hen the potential difference between A and 
Ji is h-/, and by Ohm’s law w'e have 

E,~E, = C>, 

where (' is the current passing through the conductors. 

Similarly — « ^ 

L,,-Iv=C/-2 

1 \. — Ej = 0^3 

Hence the whole difference of potential E between the ends 
of the s\^tein ~ (E^ ~ E^ + fE;,— K,) + ... 

= . . . 

•-=C + • • •) 

Hut by definition^ '= . 1 , wliere R is the resistance of the 
sjs/c'M of conductors. 1 fence — 

H = /'i + /'2+ • • • 

yV/t' resistance of a number of conductors in series is Ci/uai to 
the sum of their separate resistances. 

347. Resistance of a Number of Conductors in Parallel. — 
If the, same two points are 
( onnecteil by two or more con- 
ductors so that the current ^ P 
may pass from one point to the 
other by tw’O or more paths, - 

the conductors are said to be i j 

in parallel or less usually in in Parallel. 

multiple arc. 

Thus A, B, and C (Fig. 270), e.ach of which joins the 
points H and N, are said to be in parallel. In this case the 
potential difference between the ends of each of the con- 
ductors is the same, but currents of different magnitude flow 
down the three paths. Let c^ be the current in A, and and 
Cg those in B and C, while z*,. are the resistances of the 

conductors A, B, and C. 'Fhe current C flowing in at the 
point 1^ divides into three branches to reunite again at N. 
'fhe quantity of electricity flowing in at P in a given time must 
be equal to the quantity flowing out through the paths A, B, 

31 
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and C in the same time, since there is no accumulation of 
charge at P. Hence — 

C = + 


Also, if H is the potential difference l)elwec*n P and N, we 
have, applying Ohm’j> law to each of the condiK'lors, 

K 1: K 




=1:1 '+'+') 

' ^ 


Hut, if R is the r(‘>istance i)et\ve(*n P and X, ('= 1 

R 

R >-.7 >■, r. 


The reciprocal of the resistance nf a number of conductors in 

paralici is e,/ua/ to the sum of 
the reciprocals of the separate 
resistances. 

'The reciprocal of the ii‘.sist- 
an('e is termed the conductance 
of the condiK'tor. 

348. Theory of Shunts.- -If 
two conductors PAN and PHN 
(Pig. 271) are connected in parallel, the current C in the circuit 
will divide itself between them according to their resistance. 
Let Ca and C5 Ije the fairrents in the conductors PAN and 
PBN, and r^ and r^ their rv^sistances. Since there is no 
accumulation of electricity at any point, the curient C 
flowing into P mu.st be equal to the sum of the currents flow- 
ing away from P, that is — 

C = C^ + Cf, 

Hy Ohm’s law', the potential differenc'e between P and N is 
equal la* if we consider the co.iductor PAN, and also 
to C^rf^ if we consider PBN. 'riiiis — 

e«r„= C,,rj 

' ■ C» 



Pig. 271. — Tiicuiy of shunts. 
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The current in the conductors is inversely proportional to 
their resistances. 

If we substitute the value of obtained from this equation 
in the former one, we have 


c=c„+-“. c„ 


c,.= 


+ 


'I'he conductor IM5N is called a shunt f ircuit, or simply a 
shunt across the ends of the conductor 1*AX, which in turn 
is said to be shunted by the conductor For example, 

if FAN represents a galvanometer, or ammeter, and PBN a 
resistance coil Tonnecting the terminals of the instrument, the 
instrument is said to be shunted by the resistance FBX. 

It will be seen that the effect of shunting a galvanometer is 
to reduce the current passing through it by a definite fraction, 
whi('h can be ('alculated if the resistances of the galvanometer 
and its shunt are known. If G is the resistance of the 
galvanometer and S that of the shunt across its terminals, 
our equation shows us that the current in the galvanometer is 
given by 



where C is the (uirrent in the circuit. 

'Phis result is frequently applied to reduce the sensitiveness 
of an ammeter or galvanometer in a known ratio. Thus if 
we have an ammeter which reads u[) to 1*5 ampere, and we 
shunt it with a resistance exactly Jth that of the ammeter itself, 

the current in the ammeter is reduced to , that is, 

Cl -j- o 


iG ... 

-7 or -,\,th of the current in the main circuit. 'I'hus a « 
G+IG 

reading of 1*5 when the ammeter is shunted corre>ponds to 
i*5X 10, i.e., 15 amperes in the main circuit. The range of 
the instrument can thus be increased to any desired extent 
by the use of a proper shunt. Such shunts are generally 
supplied with the instrument by the makers. 

349. Specific Resistance. —It can be .shown by experiment 
that the resistance of a uniform wire is directly proportional to 
its length, and inversely proportional to its area of cross-section. 

It also depends on the nature of the substance from which 
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the wire is made. Thus if / is the length of the wire, a its 
area of cross-seetion, its resistance R is given by the equation 



where <r is a constant depending only on the material of the 
wire, and known as the specific resistance. 

Tfw specific resistance of a substance is the resistance offered by 
a cube of i cm, edge of the substance to a current ficnving through 
it parallel to one of *he edi^e^. 

350. Current in a Complete Circuit. — riie current which 
will be produced in a given circuit by a given battery can be 
calculated by Ohm’s law. If E is the electro-fliotive force of 
the battery (^ihat is, the potential difference hetwoen its [lolc:- 
on open circuit) and R the total resistance of the circuit, the 
current C will be given by the n^lation 



In using the equation it mu^l not be forgotten that the 
battery itself offerh a lesistance to the current. I'hus if R' 
is the total reMstance of the condiuHors joining the poles of 

E 

the cell, it is tound that the eurrent C is not e»|ual to , but 

R 

E 


to 


R'+H 


, where H is a ('onstant wliii'li depends upon the 


battery. It measures the resistance whicli the battery itself 
offers to the current, and is known as the internal resistance 
of the battery. This resistance must be taken into account 
in calculating the current which the battery will give. Its 
value depends upon the kind of battery used. Thus, if a 
circuit consists of a battery of E.M.F. Eand internal resistance 
B, a conductor of resistance R, and, say, an ammeter of resist- 
ance R', then the current in the circuit is given by 


C= 


E 


R + R'+B 


The internal resistance of a single cell depends upon the 
way it is made up. It is usually of the order of i ohm. 
Thus the maximum current which can be obtained from, say, 
a Daniell cell with an E.M.F. of i'o8 volt and an internal 
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resistanctj of i ohm would be 108 ampere. Accumulators 
have a very small internal resistance, and hence should 
never be short-circuited, as the large current which would 
result would seriously damage the plates. 

351. Combination of Cells in Series and in Parallel— If a 
number of cells are connected in series (that is to say, with 
the positive plate of the one cell joined to the negative plate 
of the next, and so on), the E.M.R of the whole battery is 
equal to the sum of the E.M.F.’s of the indi\idual cells. 

If a number of similar cells are connected in parallel (that 
is, with all their positive poles connected together and all 
their negative poles connected together), the system is 
equivalent to single ceil but with plates of much larger size. 
The E.M.F. of the battery is thus equal to that of a single 
cell. 

The current produced by either of these arrangements 
through a conductor of resistance R can be calculated by 
Ohm’s law. Let there be n cells each of resistance b and 
E.M.F. 

I. Cells in Series. — The E.M.F. of the battery will be the 
sum of the separate E.M.F.’s, that is, n.e^ and the resistance 
of the battery will be the sum of the separate resistances of 
the cells, that is, n . b. The current C produced through an 
external resistance R will therefore be given by 


n . e 

R + « . ^ 


II. Cells in Parallel. — The IvM.F". of the battery will be 
simply that of any one of the cells, that is, e. The resistance 
of the battery, how'cver, will be that of n equal conductors 

each of resistance b connected in parallel, that is, — . 

^ • 

The current C produced through an external resistance R 
will be given by 


C 


e n .e 


R + 


n 


Which of the two arrangements, series or parallel, will 
send the bigger current through a given resistance depends 
upon the value of the latter. If it is large, compared with 
the resistance of the cells, the series arrangement will pro- 
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duce the greater current ; on the other hand, if the external 
resistance is small compared with that of one of the cells, 
the parallel arrangement will be more effective. The most 
effective arrangement in a given case can be found by 
substituting the values in the e(iuations above. 

EXAMPLES. 

1. The current from a dynamo is passed through a wire 

ha\ing a i\"'i''lanct‘ of ohm, and pioilurcs a jxUcntial 

difiVrence of i ’4 volt between its ends. What is the stu-nglh 
ot tile current ? 

2. A melallir filament lamp woiking on 5on-voit ciiciii 
takes a current of J ampeie. What is its lesistance? 

Show tiiat the lesi^tame of tlnee « t|iial ii‘sistance coils 
when arranged in senes is nine times their lesislance when 
connected in parallel. 

4. Five metallic filament lamps ea(‘h of 500 ohms re- 
sistance arc connected in nuiltiiile arc across a 2 00- volt 
circuit. Calculate the resistance and the total current passing 
through the lamps. 

5. An ammeter, which has a resistance of i ohm, is 
graduated in thousandths cd* an an][Kae. With what resistance 
must it be shunted to make each graduation correspond to 
j\ph ampere? 

6. The specific resistance of cop^icr is i*6xio“* ohms 
per cm. cube. Calculate the resistaiu'e of a copper ^^ire 
I metre long and 1th mm. in diameter. 

7. An iron wire i im tn^ long and i mm. in diameter has 
a resistance of 0*123 ohm. What is th(^ specific resistance 
of iron ? 

8. Three Leclanche cells each of IC.M.F. 1*4 volt and 
resistance ohm are provided. How should they be con- 
nected, in series or in [larallcl, to produce the greatest current 
through a resistance of (a) ^’^ih ohm, (Z^) 10 ohms? 

9. What is the resistance of a 200-volt 20-watt lamp? 

10. It is required to rc-charge a battery of 20 accumulators 
each of which has a voltage of i*8 volt and an internal 
resistance of o*i ohm from a loo-volt circuit. What 
resistance must be placed in series with the battery in order 
that the charging current may be 4 amperes? 



CHAPTER XIII 


MEASUREMENT OF RESISTANCE AND 
El .ECTR( ) MOTIVE FORCE 


352. Measurement of the Resistance of a Conductor. — 

'I'he n.‘si^iar'< of a conductor can he measured directly from 
the (ItMinition if we are liiinished with an ammeter and a 
voltmeter. C'onnect the ((inductor AH (Fig. 272) in herie^s 
with a suilahl(‘ hatt(.‘ry and an ammeter, and connect the 
ends A and li of tlie conductor to the terminals of the volt- 


VolCmeter 



Battery 

Fig. 272.- - Measuiemcnt of Resistance bv Voltmeter and Ammeter. 


meter. The current C can be read on the ammeter while 
the potential difference between A and 13 is registered on th(? 
voltmeter. The resistance of AB is then given by 


R = 


E 

C 


Thus, if the current is found to be 2*5 amperes, and the 
potential difference across the ends of the conductor is 


7 ’5 volts, the resistance of the conductor is 
3 ohms 


1-i, that is, 

25 
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In practice il is more accurate to measure the resistance 
of an unknown conductor by comparison with that of a 
conductor of known resistance. 

353 . Resistance Boxes. — A length of wire C (Fig. 273) has 
its ends connected to two ter- 
minals A and B, on a wooden 
bobbin I>. 'fhe wire, which 
is insulated by a covering of 
silk thread, is bent \)ack upon 
itself as shown in the figure, 
and then wound upon the 
bobbin, the layers being pro- 
tected by a final covering of 
wax. This ar/angement form.** 
what is known as a resistance 
coil, or simply a resistance. 
The length of the wire is 
adjusted by the maker so that 
the resistance between the ter- 
minals has some definite known value which is stamped upon 
the bobbm. 

A set of such resistances are often mounted in a box, 
known as a resistance box (Fig. 274). In this case the ends 



Fig. 273. (^^n^t^lclu)n of ;i 
Ro^i>t.\nrc Coil. 



Fig. 274, — Construction of a Resistance liox. 


of the wires are soldered to a succession of brass blocks on 
an ebonit. slab, arranged so that the gaps between the 
blocks can be closed by metal plugs. If all the gaps are 
thus filled up, the current flows from one terminal of the box 
to the other, entirely through the brass blocks and plugs. 
These, being very thick, have a negligible resistance. If, how- 
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ever, one of the plugs is withdrawn, the current is compelled 
to flow through the corresponding resistance coil, and its 
resistance is added to the circuit. If all the plugs are with- 
drawn, the current passes through all the resistances in series, 
and the total resistance in the box is then the sum of the 
separate resistance coils. The resistances are usually graded 
like a set of weights, so that by w'ilhflrawing the proper plugs 
any resistance can be obtained from that of the smallest coil 


up to the whole resistance of the box. 

354. Comparison of Resistances by a Tangent Galvano- 
meter, or Ammeter. — Connect a resistance box in series with 
a tangent galvano- 
meter, or aniryeter, ^ 

and a battery of ^ 

constant E. M. F., 
e.g., a Uaniell cell. 

Make a series of 
observations of the 
current flowing 
through the circuit 
with different re- 
sistances in the 
box. 'riie current 
will, of course, de- 



crease as the re- 
sistance of the box 
is increased. A 
curve can now be 
plotted, showing 

the relation between the resistance in the box and 
the reciprocal of the current through the ammeter, or 


Fig. 275. —Measurement of Resistance by 
Tangent Galvanometer — Relation between 

R and ^ 


galvanometer. 


Since R 


E 

C’ 


and E is constant, this curve 


will be a straight line, as shown in Fig. 275 . The straight 
line will not pass through the origin, because when there is 
no resistance in the box there is still resistance in the circuit, 
namely, that of the battery and the galvanometer, both of 
which offer resistance to the current. The current therefore 
has a finite value even when there is no resistance in the 
box. If the line is produced to cut the axis of resistances 
in X, then OX measures the resistance of the battery and 
galvanometer on the scale of the curve. 
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To find the value of a given unknown resistance, remove 
the box from the circuit, substitute the unknown resistance 

in its place, and find the corresponding value of Mark 

this on the curve. 'Fhe corresponding value of the resistance 
can then be read oft* on the horizontal axis. 'riuis if OA is 

the value of the corresponding point on the curve is P, and 

ON is the value of the unknown resistance. 

As iclatiNC ineaMin inents onlx of thr ('iiiient ate 
it is not nccissary to ktiow the nsluetion laitot ol tlu* gal\ .i-io 


meter. It will siilli« 
the detlexion of the e 


B 


<* to plot th 
al\ anonti. let 


valiu's ot 


uheo 


V 

tan t) 

al*>’ij, the vt tiical axis, ami 
the <'orrospoii(iing \alurs 
ot' K along the Inni/untal 
axis. 

355. Comparison of Re- 
sistances by the Wheat- 
C stone Bridge. — Let AlU! 
and ADC (Fig. 276) he 
twocondiietors in [>aiallel. 
The potential along eat'h 
conductor falls from A to 
C. Hence, if we take 
any point H on llte con- 
diK'tor AIIC it will he 
possible to find some 
point on ADC which 
has the same potential as B. "I'his can be done experi- 
mentally by connecting H through a sensitive galvanometer 
lo a point I) on ADC, and moving the connector about 
until there is no current flowing through the galvanometer. 
When this is the case, B and D must be at the same potential, 
otherwise, since BD is a conductor, a currtmt would flow from 
the higher to the lower of the two i)Otentials. 

Suppose that the poini D has been found. Let be the 
current along the conductor AB, and that along AD. 
There is no current along BD, and hence the current in BC 
is e(iual to that in AB, and the current in DC to that in AD. 
Let E^, Eft, E^, and E^ be the i)otentials at the points A, B, 



Fig. 276.- 


-Principle of the Whc:ii>lone 
Bridge. 
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C, and D, and let P, Q, R, and S be the resistances of the 
four arms AH, IIC, Al), and DC. Then, applying Ohm’s 
law to each of the conductors, 

E„-FJ.=^,P 
K.. — Ej = r2R 

But, since the E(,= F.,/, 

R c. 



Fig. 277. -The Wheatstone Bridge. 


Similarly, since — E^= — E^, 

^iQ = t „S 

S M 

P (> PR 
• ' or = — 

R S Q S 

Hence, if three of these resistances arc known, the fourth rfln 
be calculated. 

The experiment can be carried out with a Wheatstone 
bridge. This is shown diagrammatically in Fig. 277. A 
thick flat copper strip ABC of negligible resistance is furnished 
with two gaps, which can be britlged over by resistance 
coils P and Q. A long uniform wire is stretched between 
A and C. A battery is connected to A and C, and a galvano- 
meter to a terminal B between the gaps. The remaining 
terminal of the galvanometer is joined to a sliding contact 
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which can be arranged to make contact with any point of the 
wire AC. 

The current is allowed to pass, and the sliding contact 
moved along the wire until some point D is found at wliich 
there is no deflexion in the galvanomete;. This point D s 
then at the same potential as B. 

If P and Q are the resistances of the two coils, and R and 
S those of the portions AD and DC of the wire respectively, 
then, by the above analysis, 

Q ^ 

(The two diagiaiiis are lettered to correspond.) But the 



Fig. 278. — Determination of Resistance by the I’.O. liox. 


resistance of a uniform wire is proportional to its length. 
Hence, if and are the lengths of the portions AD and 

R d 

I)C of the stretched wire, j., = — \ Hence finally — 

o da 

Q d., 

and d^ can be measured on a metre scale fastened along- 
side the wi.e. Thus, if Q is a resistance coil of known 
resi.'^tance, the value of the resistance of the coil P can be 
determined. 

356. The Post-Office Box. — The principle of the Wheat- 
stone bridge can also be carried out with a special box of 
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resistance coils, first designed for the measurement of the 
resistance of telegraph wires, and known as the post-office 
box. It is shown diagrammatically in Fig. 278, which is 
lettered to correspond with the previous diagrams, and shows 
the relation between them. The arms AD and AC are 


R 

known as ratio arms, and the ratio of ~ can be made either 

o 


1:1, 10:1, or too: I, as required, by withdrawing the 
proper plugs. The remaining arm of the box is arranged 
to give any whole number of ohms from i to 10,000. As 
before, the IxUtery is conneeted from A to C, and the galva- 
nometer fiom b to D, the unknown resistance being con- 
nected front li to C to form the fourth arm of the bridge. 
For convenience, a tapping key is inserted in tlic galvanometer 
circuit. (a)mparing the arrangi-nauU with the previous 
diagram.s, we see that the condition that there shall be no 
current in the galvanometer circuit is given by 

P :^R 

Q s 


'fhe values of \\ R, and S c.in be read off on the box. 

If we start with the ratio arms etjual, by taking out, say, 
10 ohms in each, a balance will be obtained when the re- 
sistance in P is eijiial to the unknown resistance Q. As, 
however, the box is graduated by steps of i ohm, it will not 
usually be possible to get an exact balance. We shall find 
that the resistaiuv required lies between two values differ- 
ing by I ohm — say, between 6 and 7 ohms. To obtain 

a closer approximation, we make the ratio — equal to 10:1, 

o 

so that P must ecpial loQ for a balance. Since Q lies between 
6 and 7 ohms, P must now be between 60 and 70 ohms for the 
bridge to be balanced. By removing the intermediate plugs, ^e 
find that the balance point is, say, between 63 and 64 ohms. 
The value of Q thus lies between 6*3 and 6*4 ohms. By making 
the ratio arms too : 1, a .second decimal place can be obtained. 

357. Comparison of E.M.F.'s by the Tangent Galvanometer. 
— If a battery of E.M.F. Ej is connected in series with a tangent 
galvanometer, the current through the galvanometer will be 
given by 
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where Rj is the resistance of the whole circuit — that is, of the 
galvanometer, battery, and connecting wires. Similarly, if a 
second battery of E.M.F. is substituted for the first, the 
current Cj will be given by 



where R., is the resistance of the circuit. 

Now the resistances of ditferent batteries are not necessarily 
the same, so that we cannot assume that R., is etjual to 
On the other hand, the resistance of a battery is generally 
quite small (i or 2 ohms), so that if the galvanometer used 
has Itself a high te-^istance, the re'^i'^tance of the battery will 
be negligible in comparisiMi. I'itiis, with a hiijh resistance 



galvanometer (say, 400 ohms), w(; may without appreriahli! 
error put 1\.^= Kp whal«*v«*r the nature of the battery. Under 
these circumstance--, we have 

f, R. • R, !■:, 

For a tangent galvanomett i where C = /(’ tan t>, we have 
l’b_tan tb 

^ tan t), 

The instrument known as a voltmeter is merely an ammeter 
or galvanometer of very large resistance. 'I’he current through 
the instrument is proportional to the voltage across its terminals; 
the scale is graduated to read directly in volts. 

358. The Totentiometer. — If a ccjnsiant current is passed 
along a uniform stretched wire AC (Fig. 279 ), the potential 
difference between A and some otlua- point li on the wire is, 
by Ohm’s law, equal to the product of the current into the re- 
sistance between the two points. Now the resistance of a 
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[)()rtion of uniform wire is directly proportional to its length, 
so that, if the current is constant, the potential difference 
between A and B is proportional to their distance apart as 
measured along the wire. 

Thus, if A and B are joined by a second circuit containing 
a galvanometer G, there will be a current through the galvano- 
meter owing to this difference of potential. If, however, w’e 
introduce into this branch circuit a cell D of E.M.F. E^, so 
that its l^^.M.F. is in the opposite direction to that due to the 
current (/>., in the direction BDA), the resultant E.M.F. in 
the circuit ADR will he the difference between that existing 
l)etween A and B and the E.M.F. of the cell. By suitably 
adju^tin;^ the ^Ji^tance l)etwe«*n tlie pf)ints A and B, and includ- 
ing a gi cater or sinallei length of ih(‘ uire between them, we 
can make the potential dillcnaice between A and B exactly 
etjiial to that of the cell. 'J’he equality can be tested by watch- 
ing the reading-, ot the galvanometer (i in liie circuit ADB. 
When no current llow.s thiough the galvanometer, the 
IC^ ot the cell must be exac tl\ equal to the potential difference 
bi!t\Neen A and B. 

if now a se<'on(l cell of IC.M.F. F..^ is substituted for the 
lirst in the circuit ADB, and the ])oint of contact moved 
along the wire AC until the position IV is found, for which 
therq is again no (Hirrent in the galvaiu'nieter, then i*^ eijual 
to the potential difference between the jioinls A and B'. Thus 
we ha\e 

between A and B' 

Ej IM ). bet\\een A and B 

where r/., and are the distances A\V and AB respectively, 
mcxisurcd along the uniform wire AC. 'Fhe E.M.F.’s of 
different ( clls ( an thus be compared. This arrangement is 
known as a potentiometer. 

'The fall of potential along the whole wire AC must ob- 
viously be greater than the IC.M.F. of any of the cells to be 
compared, as otherwise a balance could not be i'>btained on 
the wire. 'Fhe E.M.F. of the battery F supplying the current 
in AH must therefore be greater than that of the cells to be 
compared. The current supplied bv this battery must remain 
con.stant during the ex[)Criment. A couple of accumulators 
connected in series will generally be found sufticient. 
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EXAMINATIOxN QUESTIOiVS.— XVIII 

1. Explain what is meant by the difference of potential 
between two points. What conditions must hold in order 
that two points on a copper wire may remain at a difference 
of potential ? 

2. Explain why the simple voltaic cell is unsatisfactory 

a source of current. Describe some elhci* 't form of voltaii 
cell, explaining the changes which go on in i . 

3. What is meant by the polarisation of i battery ? De- 
scribe some of the ways in which it can be e'iminatecl. 

4. Describe the construction of an accii.aiililtor ^storage 
cell), and give an account of tl\e actions taking [ilace in it. 
In wdiat form is the energy ston'il by the cell? 

5. State Ohm's law. Explain what is meant by electrical 
resistance, ami describe some method of measuring the re- 
sistance of a coil of wire. 

6. Explain the [)rinciple of the Wheatstone bridge method 
of com[)aring resistances. Describe a galvanometer suitable 
for use in the experiment. 

7. Describe and explain how the resistance of a conductor 
can be measured by th(! jiost-oflice box. 

8. Tw’o wire.s in multiple arc (in parallel) are connected 
with a battery. Under what circumstances will a galvanometer 
connecting a point on one wire with a point on the other show' 
no dellexion ? 

9. Define specific resistance, Jind describe a method of 
measuring it in the case of a wire. A wire, i metre long and 
0*6 mm. diameter, is found to have a resi.stance of i*i6 ohm. 
Calculate the specific resistance of the material of the wire. 

10. A battery of E.M.F. 2 volts, and resistance 0*5 ohm, 
IS connected in seric.s with a resi.stance of 2*5 ohms and an 
ammeter. The current recorded is 0*5 ampere. What is 
the resistance of the ammeter ? 

1 1. Explain what is meant by a shunt. A given milli- 
ammeter is graduated to read up to 0*15 ampere. Calculate 
the resistarice of the shunt which will be required to enable 
the instrument to read up to 15 amperes. 

12. De.scribe a Leclanche cell. Explain how cells are 
joined (a) in series, (I/) in parallel. In. what circumstances 
will each of these respectively produce the greater current ? 
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13. Explain the terms electro-motive force and internal 
resistance, as applied to a voltaic cell. Given three cells each 
of E.M.F. I volt and internal resistance 0*4 ohm, show how 
to calculate the E.M.F. and internal resistance of the batteries 
which may be constructed, using all the cells. 

14. If the potential difference between the poles of a 
voltaic cell, when no current is flowing, is 1*4 volt, and is 
reduced to ri volt when the poles are joined by a wire of 
5 ohms resistance, find the internal resistance of the cell. 

[Considering the wire a PD of ri volt produces a current of 

= 0*2 2 ampere. This is current in the circuit, E.M.F. 

of I ‘4 volt produces a current of 0*22 ampere, etc.] 

15. Describe and explain some accurate method of 
comparing the electro-motive forces of two cells. 

16. Define what is meant by a watt, a joule, and a volt; 
and state the connection between them 

1 7. Define the terms resistance, specific resistance. The 
length of the filament in a 200-volt 2o*watt tungsten filament 
lamp is 60 cms. The specific resistance of tungsten is 
5X io~® ohm per cm. cube. What is the diameter ot the 
filament ? 

18. Electrical power is supplied to a factory from a power 
station by means of two cables, each 3 miles long. The 
potential difference between the ends of the cables at the 
power-house is maintained at 220 volts, and the potential 
difference between them at the factory must not fall below 200 
volts. What is the greatest permissible resistance per mile of 
the cable if the maximum current required is 40 amperes ? 


3 » 
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THEKMAT- EFFECT OF A CIMIHENT— 
PHERMC) EEECTRK ITV 

359. Production of Heat by a Current. We have set-n 
(§ 342) that if a haiiery of E.M.F. E inaintaiift a current 
in a circuit for / seconds, the work done by the i)attery on 
the circuit is E . C . / ergs if E and C are in absolute units, or 
E . C . / X 10" ergs if they are measured in volts and amperes 
This energy can be used for decomposing chemical com- 
pounds, as in the electrolytic cell, or for running an electro- 
motor, which will transform it into mechanical energy. If, 
however, the poles of the cell are simply joined by a metallic 
wire, the energy is transformed into heat. 

The heating effect of a current can readily be shown by 
joining the [)oles of a battery by a thin conducting wire. 
The wire rapidly becomes hot to the touch. If the wire is 
very thin, as in the case of the filament of an electric lamp, 
the heat generated is sulticient to raise the wire to a white 
heat. 

If a current C (ampere) flows in wire of resistance 
R (ohms) the difference of potential between the ends of the 
wire is C . R volts. Now the energy iv spent in the wire 
in a time t seconds is, as we have seen, given by 

?<;= E . C ./ joules 
= (CR) . C . / joules 
= C2R . t joules 
= C^R/X 10^ ergs 

As this it all transformed into heat, the heat H produced 
in the wire in the time / is given by 

JH=.C2R/xio^ 

where J it the mechanical equivalent of heat (§ 164). 
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The heat produced is thus — 

(rt) directly proportional to the square of the current ; 

{b) directly proportional to the resistance of the 
conductor ; 

(c) directly proportional to the time for which the 
current flows. 

'Fhesc results can be verified experimentally w’ith the 
apparatus shown in Ing. 280. A small copper calorimeter 
containing a suitable amount of water is fitted with a lid 
through whi('h pass two stout copper wires which are 
conne< te<i inside the calorimeter by a coil of fine insulated 



Kig. 2S0. — Dctcrminjilion of the Heat produced by a Current. 

wire immersed in the \vater. The resistance of the coil is^ 
measured before the experiment. A sensitive thermometer 
passing through a hole in the lid measures the temperature 
of the water. 

The coil is connected in series with a battery of two or 
three cells, and an ammeter to measure the current. The 
current can be adjusted by means of a sliding resistance. 

The circuit is made and the current allowed to flow for 
a given time, and the heat developed in the calorimeter is 
calculated from the rise in temperature — the usual calorimetric 
precautions being taken to prevent loss of heat. 
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If the current is doubled, the heat produced in a given 
time will be increased fourfold. If the current is kept 
constant, the heat produced will be found to be directly 
proportional to the time for which it is allowed to pass. 
Finally, if a second heating coil of dilTcrcnt resistance is 
substituted for the first, it can be shown that the heat 
produced is directly proportional to the resistance of the 
coil, if the current remains the same. 

360. Electrical Determination of J . — The apparatus inst 
described can be used to determine the mechanical e juivaleni 
of heat. A constant current, which is measured by an 
ammeter, is passed through the lioating ('oil for a given time /, 
and the heat produced calc ulated from the rise ki temperature 
of the calorimeter and its contents. As it lakes some li*de 
time to produce a measurable rise in tempeialure, corrections 
should be applied for the loss of heat from the calorimetei 
by radiation, etc. If the resistance ol' the healing coil \s 
measured, tlie value of J can be calculated from the equation 

JH=:r“R/Xio7 

H being measured in calories, C in amperes, and R in ohm.s. 

It is more accurate to measure directly the difference of 
potential between the ends of the heating coil by connecting 
the ends of the coil to the terminals of a voltmeter, the 
voltmeter being read from time to time while the current i.s 
flowing. If E is this potential difference in volts, then, by 
our original equation 

JlI=ECVxio7 

The value; of J deduced in this w^ay agrees with that 
oV^tained by mechanical methods — a further confirmation of 
,the principle of the conservation of energy. 

361. Production of a Current by Heat. — If a bar of copper 
and a bar of iron are soldered together at both ends (Fig. 281 ), 
and a compass needle is pivoted on a support between them, it 
is found that if one of the junctions is heated a current flows 
round the, circuit, and the needle is deflected. The direction 
of the deflexion shows that the current flows from the copper 
to the iron across the hot junction, and from the iron to the 
copper across the cold junction. This experiment is due to 
Seebeck, and the phenomenon is known as the Seabeck effect. 

The combination of the two dissimilar metals is known 



THKRMAL EFFECT OF A CURRENT 501 

as a thermo-junction, or thermo-couple, and the current 
produced as a thermo-electric current. 

Any pair of dissimilar metals can form a thermo-junction. 
The greatest effect is produced by a couple of antimony 
and bismuth. It is not necessary that the metals used to 
form the thermo-junction should themselves make a complete 


Cu 



circuit If a bar of bismuth and a bar of antimony are 
soldered together at one end, and their free ends connected 
by copi)er wire to a sensitive galvanometer, a current will 
flow round the circuit if the bismuth-antimony junction is 
heated. 

The effect on the galvanometer is increased if a number 
of these couples are joined in series as shown in Fig. 282. 



Fic. 282. — Principle of the Thermopile. 


This arrangement is known as a thermopile, and is one of 
our most delicate means of detecting small quantities of 
radiant heat. If one face of the thermopile, say B, is kept 
at a constant temperature while the other is exposed to a 
source of radiation, the exposed face becomes slightly 
warmer than the other, apd a current flows round the circuit 
and may be detected by the galvanometer. The current 
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increases with the difference in temperature between the 
two faces. 

The thermo-electric currents are usually very small. If 
one junction of a bismuth-antimony couple is at loo® C. and 
the other at o® C., the E.M.F. produced in the circuit is only 
o*oo8 volt, and the current produced in a galvanon eter of, 
say, 8 ohms resistance would only be o ooi ampere, or on(? 
thousandth of an ampere. A good galvanometer is, however, 
capable of detecting currenis as small as one thousand millionth 
of an ampere, and would thus detect a difference of lempevature 
belweeri the encib of the couple of one ten-thousandth of a 
degree. It is the sensitiveness of the galvanometer that makes 
the thermopile such a delicate means of detecting small 
quantities of radiant heat. 

A thermo-couple is also frecjiiently employed for measuring 
high temperatures, such as that of a furnace. In this case a single 
coupl usually of platinum and of a platinum rhodium alloy, 
or other metals capable ol uiib^tanding high tempeiaturcs, is 
used, 'Fhe couple is connected in .series with a suitable galvano 
meter. The deflexion of the galvanometiT increases as the 
temi)erature of the hot junction is iiuTcased. 'J’he in- 
strument is calibrated by comparison with a standard air 
thermometer, 

362. Effect of Temperature on Resistance. — 'I'he resistanc'e 
of a metallic conductor increases with the temperature ; the 
higher the temperature, the greater the resistance. The 
relation between temperature and resistance for a pure metal 
can be cxpre.ssed in the form 

R,==R,(i+«/+/3/2) 

where is the resistance at C., and that at o® C. 

As the measurement of the resistance of a wire can be 
carried out with great accuracy, this result affords us a very 
accurate method of measuring temperatures. 'I'he metal 
employed is generally platinum, as it can withstand a very 
high temperature, and is not readily oxidi.sed or otherwis(.‘ 
affected. A plati?iu?n coiWuiia simply of a suitable 

length of /platinum wire wound on an insulating mica frame, 
the wire and frame being enclosed in a porcelain tube to 
protect them from damage. The terminals of the wire 
are connected by long flexible leads to tlie measuring 
apparatus. 
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To measure the temperature of a bath or furnace, the 
thermometer is placed in it in the usual way, and the re- 
sistance Rj of the coil is measured by the P.O. box. If Rq its 
resistance at o® C. is known, and the constants a and /3 of 
the ecjualion, the temperature / can be calculated from the 
e(juation. 

Since the equation contains two unknown constants, three 
fixed points are refjuired to calibrate the thermometer. These 
aie usually the freezing -point and boiling-point of water, as 
\n t\\e ordinary mercury llrermometer, and in addition the 
luiiling-point of sulphur (445® C.). The platinum ther- 
mometer has a very long range, from the lowest temperatures 
f)htainahle to the melting-point of platinum (about 1700® C.), 
and witii suitable apparatus for measuring re.sistance is 
extremely sensitive. 

'I'he resistance of a conductor decreases as the temperature 
falls. When the experimentally determined values are sub- 
stituted in the eciuation above, it is found that the resistance 
of the platinum wire should be zero at a temperature just above 
— 273® C, that is, just above the absolute zero. A similar 
result is obtained for all pure metals. 'I'his deduction has 
f)een actually verified by immersing a lead wire in rapidly 
boiling licjuid helium, which has a temperature of about 2® 
absolute — that is, — 27 1 ° C. It is found that at this tempera- 
ture the resistance of the lead wire is too small to be detected 
even by the most sensitive apparatus. 

The variation of resistance with temperature is far less 
rapid in alloys than in pure metals. In certain special alloys, 
such as platinoid, or manganin, it is so small as to be prac- 
tically negligible. These alloys are employed in the con- 
struction of standard resistances, wdiich are thus practically 
independent of changes in the temperature of the atmosphere. 

Carbon, the only non-metal wrhich is comparable to metals 
in conducting power, is exceptional, its resistance decreas- 
ing as the temperature rises. Thus the resistance of a 
carbon filament lamp is much less when the lamp is glowing 
than when it is cold ; on the other hand, the resistance of a 
metallic filament lamp is greater when the filament is hot. 
The resistance of electrolytes also decreases as the temperature 
is raised. 
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E I . I :CTK( )-M AG N ETIC IN I) UCTION 

363. Paradays Experiments.— ll a coil of wiic A (Ki^. 283 ) 
connected with a battery is placed parallel to a second coil B 
connected to a galvanometer, then, however large the current 
in A, so long as it is constant no eftect will he j)io(liiced op 
the galvanometer connected to the second coil B. The 
presence of a current in one conductor has no effect upon a 
neighbouring conducting ciicuit. Faraday, howcNer, noticed 
that just at the instant \Nhen the current l»egan to (low in the 
circuit A, the galvanometer in ciicuit with B gave a ^‘kick/^ 

i 


Fig. 2S3. — Expcrinicm to illustrate the Infliiclion of Currents. 

showing that a transient current w\as f)rodiiced in B. Similarly, 
on breaking the circuit A, a second momentary current w^as 
produced in B, but this time in the opposite direction. These 
cf Tents are known as induced currents, and the phenomenon 
as electro-magnetic induction. 

It is found that the current induced in B when the current 
first flow’s in A is in the opposite direction to the current in A. 
It is known as an “ inverse induced current. On the other 
hand, the c^^rrent in B when the circuit A is broken is in the 
same direction as the current in A, and is called direct, 
Similar effects can be produced by the relative motion of 
the two circuits. If the current in A is kept constant, and 
the distance betw’een the circuits is altered, an induced 
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current will flow in B while the motion is taking place. 
Moving the circuits closer together has, as might be expected, 
the same effect as starting a current in A, while increasing the 
distance apart has the same effect as slopping the current — 
that is to say, the induced current in the first case is inverse, 
in the second direct. 

Faraday found that the strength of the induced currents 
was very greatly increased if 
the two coils of wire were 
wound upon a ring of soft 
iron (Fig. 284). On passing 
a current through A and thus 
converting Uie iron into a 
magnet, a very strong inverse 
current was induced in the 
coil B, while on breaking the circuit a strong direct induced 
current was produced. Similar results were obtained if the 
coils were wound on a straight bar of iron. 

364 . Faraday’s Experiments (continued). — Faraday then 
showed that induced currents could be [iroduced in a con- 
ducting circuit, not only by other currents, but also by 
permanent magnets. If a permanent magnet NS (Fig. 285) 
is held near the coil B, as long as the magnet and coil are at 
rest, no current will flow in B. If, however, the magnet and 



Fk;. 284. — Induciioii of Currents- 
Actu)n of a Soft Iron King. 





Fid. 2S5.— Incluciiini of a Cuireni by a Magnet. ^ 

the coil are moved either closer together or farther apart, 
currents will be induced in B, which will continue to flow' so 
long as the motion is taking place. 

The direction of the induced current in B can be deduced 
from the first experiments by regarding the magnetism of the 
magnet as being due to a current flowing round it (§ 325). 
Thus, if the north pole the magnet is directed towards the 
coil, wc may regard the north pole as being due to a current 
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flowing round the magnet in the appropriate direction (it will 
be clockwise as seen from the centre of the magnet). On 
bringing the north pole nearer the coil H, an inveise current 
will flow round the eireuit K, whieh will therefore be counUr- 
clockiVise as seen from the magnet, as indicated in the figure. 
Conversely, on withdrawing the north pole the direct current 
induced in B will flow in a clockivise direction round B as seen 
from the magnet. These effects will obviously be reversed if 
the south pole of the magnet is used instead of the north pole. 
These results can easily be veiitied by experiment. 

365. Laws of Induction. — lOxamining these phi*nomena it 
will be noticed that induced currents are produced whm 
the magnetic field through the coil B is changiug. When a 
current is started in A it [irodiiccs lines of magnetic forci , 
some of which pass through H and thus increase the field 
across it. When the current in A ceases to flow, these lines 
are withdrawn from B aiul the magnetic field through it is 
reduced. Similar changes are [irodiictal in the other ex- 
periments described. Any change whi< h jiroduces a change in 
the number of lines of magnetic forc'c jiassing through a circuit 
will produce an induced current in it. For example, if a coil 
of wire standing with its [)lane m the magnetic meridian is 
turned into an east and west direction, the lines of tlie earth’s 
hori/.ontal magnetic field are caused to pass through the 
circuit, and a momentary induced current is produced. 
Faraday, by experimenting with coils of different shapes and 
siztis, proved that the (juantily of electricity set in motion 
by the induced current was directly proportional to the total 
change in the number of lines of magnetic force through the 
circuit. 

We have seen that when a current is made in the circuit A 
(Fig. 283) the induced current in flows in the ofiposile 
dWiCtion to the inducing current. The lines of force due to 
the induced current are thus in the ojjposite direction to those 
of the inducing current — that is to say, they tend to keep the 
resultant magnetic field through B at its original value, or, in 
other words, to neutralise the change in the field firoduced liy 
the starting*'of the current in A. On breaking the circuit A, 
the induced current is direct, and its lines of f^orce are in the 
same direction as those of the current A which have now been 
destroyed. I’his esull will be lound.to hold true in the other 
cases we have examined. 
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Faraday’s results may he summed up in the following laws 
of electro-maj^netic induction : 

I. Whenever the number of lines of magnetic force thread' 
ing a conducting circuit is changing, an induced current flows 
round the circuit, which continues only while the change is 
actually taking place. 

II. The direction of the induced current in the circuit is 
such as by its magnetic field to oppose the change which is 
taking place. 

III. The total quantity of electricity set in motion is 



directly proportional to the total change in the number of 
lines of magnetic force passing through the circuit. 

366. The Induction CoiL — The principle of the inductio^i of 
currents is used in the induction or Ruhmkorjf coil to produce 
from a primary current of low voltage a secondary or induced 
current of very high voltage. It consists (Fig. 286) of a 
l)rimary coil of one or tw^o layers of thick copper wire wound 
in the form of a solenoid upon a central core of soft iron, 
'rhis primary coil is completely enclosed in a tube of ebonite 
upon which are wound a very large number of turns of thin 
insulated copper wire, forming what is known as the secondary 
circuit. The greater the number of turns of wire in the 
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secondary coil the greater the difference of potential which 
will be produced between its ends. 

If a current is started in the primary circuit, the core 
becomes a strong electro-magnet, and a strong magnetic field 
IS produced through the secondary coil. Hence an induced 
current flows round the secondary circuit, which by the laws of 
induction is an inverse current. If the current in the primary 
circuit is broken, a direct induced current is produced in iht* 
secondary. For reasons which cannot be ex[)lained liere, the 
inciuced current at ‘‘break*’ has a very mt ^"h higlur voliagt 
than that at ‘‘ make,’’ and arrangements arc g enerally made to 
eliminate the latter as far as possible. 

As the induced curient only flows so lone as^the primary 
current is ciurnging, arrangements must be made to make and 
break the piimary circuit continually — tiiat is to say, we must 
send through the primary coil not a continuous but an inter- 
mittent current, 'i'liis can be efhc’ted by various devices 
known as inkrruf^tors or The smaller coils arc 

fitted with an automatic device known as a hammer break. 
A soft iron hammer 11 is supported on a spring S close to one 
end of the core of the coil. 'I'his spring jirtisses the hammer 
against a platinum contact P which can be adjusted by a screw. 
One of the wir*'s from the primary is connected to the 
hammer, and a second wiie leads from the contact P to the 
battery. 

When the battery is switched on, the current flows from the 
screw through the [jlatinum contacts and thence to the coil. 
As soon, however, as the current passes, the iron core becomes 
magnetised, and attracts the iron hammer, wliich moves 
towards it, thus separating the platinum contacts at P and 
breaking the circuit. Put, the circuit being broken, the core 
ceases to be a magnet and the iron hammer is carried back 
agiunst the screw, by the action of the spring, thus again com- 
pleting the circuit. In this way the current is automatically 
made and broken a large number of times per minute. 

The hammer break is not suitable for use with large 
currents such as are employed in modern coils, as the current 
arcs across tfie platinum contacts, which are rapidly ruined. 

The potential difference of the induced currents in the 
secondary circuit is very high, comparable with or even 
greater than that produced by a Wjmsliurst machine, while 
the quantity of electricity conveyed by the currents is many 
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times greater. If the secondary terminals are approached, a 
torrent of sparks pa.sses between them. The large coils 
used in modern radiography are capable of producing a 
rapid succession of sparks across an air gap of no less than 
16 inches. The difference between the torrents of sparks 
from an induction coil and the feeble and intermittent dis- 
charge of a Wimshurst is very striking. 

367 . The Dynamo.— If a coil 
of wire AIICI) (Fig. 287) is at 
right angles to a magnetic field 
H, and is then turned so that 
the plane of the coil becomes 
obli(iue to Uae lines of the field, 
the number of lines of force 
passing through the coil becomes 
|)rogres*^ivcly less, until, when 
the coil is parallel to the field, 
the number cutting the coil is 
zero. Hence, by the laws of 
induction a current flows round 



the coil in such a direction that 
the lines of force due to the 
current are in the same direction 
as those of the field — that is, 
the current must flow in the 
direction DC HA. If the coil is 
still rotated in the same direc- 
tion, as shown in the lower half 
of the figure, the number of lines 
of force passing through it in- 
creases, and an induced current 
continues to flow round the 
circuit, its direction being now 
such as to reduce the magnetic 
field through the coil. It must 



Fig. 287.— Production of a Cur- 
rent by Roi.'iiion of a Coil in a 
Magnetic I'ield. 


be remembered, however, that the coil has rotated so that the 


side DC is now nearer the reader — that is to say, the current 
still flows round the coil in the direction DCBA.» 


After passing through the position where the plane of the 
coil is again at right angles to the field, the number of lines of. 
force threading the circuit will decrease as the rotation con- 
tinues. The current is therefore reversed and flows in the 
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direction ABCD, its field being in the same direc tion as H. 
Following the above line of argument, we can set' that the 
induced current will continue to flow round the circuit in this 
direction until the coil has completed one revolution and is 
again in its original position. 

Thus, if the coil is rotated continuously in the field at a 
uniform rate, induced currents will continue to flow in the 
coil, their direction round the coil being reversed every half- 
revolution. A current can be obtained in this way merely 
by rotating a coil in the earth’s magnetic field. 'I'he 
coil then forms what is known as an earth inductor. 
Since the strength of the indured currents increases with 
the strength of the field it is obviously bcKer, if the 


r 
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instrument is to serve as a source of current, to rotate 
the coil in the strong magnetic field between the poles of a 
horseshoe electro magnet (Fig. 288) ; the instrument is then 
known as a dynamo. 

The coil is made to rotate by mechanical means by a 
steam engine), and the two ends of the coil are fasumed to 
two metal rings rotating on the same axis as the coil. Two 
conducting rods, or “ brushes” as they are called, press lightly 
against the rotating rings, and thus enable contact to be made 
between the rotating coil and the ends of a fixed circuit. 

The currenH in the circuit, as we have seen, will change its 
direction at each half-revolution of the coil. Such a current 
is known as an alternating current, and the machine de- 
scribed is a very simple type of an altennating current dynamo. 
The rotating coil ii known as the annature. 
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For most commercial purposes an alternating current is as 
useful as a direct current — that is, as a current which always 
flows round the circuit in the same direction. For example, 
for electric lighting or heating, since the heat produced varies 
as the sejuare of the current, it is independent of the direction 
in which the current flows, and hence an alternating current 
will light an electric lamp as efficiently as a direct current. 
Owing to various engineering advantages the current supplied 
commercially is usually alternating. 

We can, however, very easily obtain a unidirectional or 
direct curnmt from our dynamo, by reversing the connections 
between the circuit and the revolving armature at the moment 
when the direction of the current round the armature 
changes. This may be done very simply by connecting the 
two ends of the armature to the two halves of a split ring 
rotating on the armature 
shaft, the two halves of the 
ring being insulated from 
each other. Contact with 
the ring is made by brushes 
in the same way as before. 

A device of this kind is 
called a commutator. 

Suppose that the coil is 
rotating so that the current 2S9. — Principle of the Direct 

is flowing from B to A Current D\namo. 

(Fig. 289), the plane of the 

coil being parallel to the field. After a quarter of a revolu- 
tion the current in the armature will reverse its direction. 
But in the same time A will have turned so as to make 
contact with the brush D, and B with the brush C, so that 
the current which now flows from A to B will continue to flow* 
round the external circuit from C to D. Thus though t&e 
current in the armature is alternating, that in the external 
circuit is direct, or continuous as it is often called. This 
apparatus is a simple form of direct current dynamo. 

The electro-magnet, or “ field magnet ” as it is called, can be 
excited by the current produced by the dynamo iteelf. If the 
coils are connected in series with the rest of the circuit, 
the dynamo is said to be series wound. If, however, the field 
coils are connected directly with the brushes so that the 
magnet it in parallel with the main circuit, and only a 
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portion of the current flows through the field coils, the 
instrument is said to be shunt wound, 

368. Electromotors. — I'he dynamo is a reversible instru- 
ment. If we rotate the armature by mechanical means an 
electric current is generated, as we have seen ; and mechanical 
energy is thus converted into electrical energy. If, on 
other hand, we pass a current througli the armature from 
some external source the armature is made to rotate (by 
the magnetic forces set up between the magnetic poles and 
the current in the armature) and the electrical energy is con 
verted into mechanical energy. The machine thus forms an 
electromotor. 



CHAPTER XVI 


DISCHARGE OF ELECTHICITV THROUGH 
GASES— X-RAYS 

369. The Electric Spark. — Air at ordinary atmospheric 
pressures is a good insulator of electricity. By very delicate 
methods it tan be shown that the insulation is not quite 
perfect ; but the leakage from a conductor surrounded by air 
is extremely small. On the other hand, the existence of an 
electric field puts the molecules of air under strain, and if the 
field is too great the insulation breaks down and a spark passes. 
The maximum field that air can sustain at its ordinary pressure 
and ternperature is about 30,000 volts per centimetre. If the 
field rises beyond this value » spark discharge takes place. 

The potential difference required to produce a spark 
decreases as the pressure of the air becomes less. The 
experiment can be carried out in a long glass tube sealed at 
both ends and connected by a side tube to an exhaust pump. 
Electrodes, usually in the form of small aluminium disks, are 
sealed into the ends of the tube by means of platinum wires. 
These wires are connected to the secondary terminals of a 
small induction coil. As the tube is gradually exhausted it 
will be found that the discharge takes place more and more 
readily. The spark at the same time becomes wider, more 
diffuse, and more continuous, until at a pressure of a few 
millimetres of mercury the whole tube becomes filled wijh 
a continuous reddish glow. At this stage the difference of 
potential necessary to maintain the discharge is reduced to a 
few hundred volts. 

370. The Discharge Tube at Low Pressures.— If the tube is 
stilHurther exhausted by means of a vacuum pumjj (§ 91) to a 
pressure of about ^th mm. of mercury, the chaiacter of the 
discharge suddenly alters, the continuous glow being replaced 
by a series of bright and dark bands or striae. The appearance 
of the discharge tube at fliis stage is shown in Fig. 290. 

33 
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'fhe surface of the cathode itself is covered with a bluish 
velvety glow, known as the cathode glow. Beyond this the 
discharge for some little distance appears dark and non- 
luminous. This dark portion is known as the Crookes dark 
space. Still farther along the tube this dark space merges 
into another luminous patch known as the negative glow, 
beyond which we have a second region of darkness known 
as the Faraday dark space. The whole of the tube between 
the Faraday dark space and the anode is occupied with a 
set of bright button-shaped patches of light, their convexities 
facing the cathode. This portion of the discharge forms the 
positive column. At a pressure of ^^fjth mm. of mercury the 
positive column fills the greater part of the tube, the other 
phenomena V^eing et)T^ fined to whh\n a <'e:'t\meUe or so ot 
the cathode. As, however, the pressure is still furlhe' 

Flo. 290. — Kleclric in .1 ai Low I’lCftsure. 


reduced, the Crookes dark space begins to grow at the 
expense of the other appearances, until finally, at very small 
prcissures indeed, it occupies the whole of the tube, e.xcept 
for a glow on the surface of the cathode and a little blob of 
light on the anode. At the same time the potential difference 
required to maintain a discharge through the tube rapidly 
increases, running up into hundreds of thousands of volts. 
It is indeed possible to exhaust a tube so Idghly that the 
highest potential difference producible is insufficient to cause 
a discharge to pass. 

371. Cathode Rays. — If the tube is exhausted to the stage 
when the Crookes dark space very nearly fills the tube, a 
pencil of pale blue light will be seen, proceeding normally 
from the cathode and crossing the dark space. It is k.ijwn 
as the cathode rays. If the tube is arranged so that the 
cathode rays fall upon the glass walls of the tube, the portion 
of the glass which receives the rays glows with a greenish 
yellow fluorescent light. 
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The cathode rays consist of negatively charged particles 
shot off from the negatively charged surface of the cathode 
with very great velocity. These cathode particles, or electrons 
as they are now called, are very much lighter than the lightest 
known atom. The charge they carry is, however, exactly the 
same as that carried by any negative monovalent ion in 
electrolysis. I'he evidence for these statements can be 
summarised as follows : 

( a ) Shadows cast by the Rays. — If a solid obstacle 
such as a mica cross (Fig. 291) is placed in the discharge 
tube in the path of the cathode rays, a sharp shadow of the 
cross is thrown by the rays on the farther wall of the tube. 



■f- 

Fk;. 291. — Shadow cast by Cathode Rays. 


This shadow is always perfectly sharp even though the cathode 
is of considerable size. This shows that the rays are emitted 
from the cathode in a definite direction, and not in all 
directions like light from a luminous surface (cf. § 171). 

(^) Magnetic Deflexion of the Rays. — The cath^e 
rays are deflected by a magnet. This can easily be shown 
with a discharge tube such as that in Fig. 292. The cathode 
C is a flat aluminium disk, while the anode A is a brass plate 
perforated by a small hole in the centre. A narrow pencil of 
catl^de rays passes through the hole, the rest b^ng stopped 
by the plate. This pencil forms a sharp bright patch of 
fluorescent light on the farther end of the tube. If the pole N 
of a magnet is *brought^ near the tube, say at X, the spot of 
fluorescence moves, showing that the path of the rays has been 
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deflected by the magnet. The deflexion is the same as that 
which would be produced under the same circumstances in 
a flexible conductor carrying a current from O to C, and 
coinciding with the original path of the rays. The rays, 
therefore, behave towards the magnetic held just like a ( urrent. 


\ + 



{c)' Electrostatic Deflexion of the Rays. — Again, if 
the narrow pencil of cathode fays is passed between two 
parallel plates P and Q charged to a difference of potential 
of a few hundred volt", it is again deflected, the particles being 
attracted! towards the positive plate. ''Fhe particles in the 



Fig. 293. — Apparatus to show the Charge carried by Cathode Rays, 


rays, being attracted by a positive plate, must themselves be 
negatively cjiarged. ** •’ 

{ ct ) Negative Charge on the Rays. — ^The negative 
charge carried by the rays can be demonstrated directly 
by allowing the pencil of rays to fall into <i brass cylinder 
connected to an electroscope (Fig. 25^3). As there is a strong 
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and variaVjle electrostatic field inside the discharge tube, it is 
necessary to protect the cylinder from electrostatic disturb- 
ances by surrounding it by a somewhat larger metal cylinder 
connected to earth. This device is known as a F'araday 
cylinder, as Faraday was the first to show that such an 
arrangement provided a [lerfect screen against external electrical 
forces (S 285). As soon as the cathode rays enter the inner 
< ylinder, the leaves of the electroscope diverge, the sign of the 
elect rifuation being negative. 

372 . Electrons. 'I'he particles which form the cathode 
stream are known as electrons. They may perhaps best be 
descriljed as atoms of electricity. No charge smaller than 
that carried by an ^Icc tron has been isolated, and there is 
evidence to prove that every charge consists of an integral 
multiple of this ( harge, just as every mass of substance is 
mnde up of a whole number of atoms. It has been proved 
that the charge on a monovalent ion in solution is exactly 
e(]ual to the charge upon an electron. 

'fhe velocity of the particles in a cathode beam and their 
electro-chemical equivalent ^that is, the ratio of the mass of a 
single electron to the charge upon it) can be determined by 
comparing the deflexions produced in the beam by a magnetic 
and by an electric field. The experiment which was devised 
ami carried out by Professor Sir J. J. Thomson can be 
performed with apparatus similar to that of Fig. 292, and 
already described. The velocity of the rays increases wdth 
the potential difference across the tube. It is generally of 
the order of one-tenth of the velocity of light. The ratio of 
the mass of an electron to its charge, however, is invariably 
the same. It is quite independent, not only of the potential 
of the discharge, but also of the nature of the metal forming 
the cathode and of the gas remaining in the tube. It is thus 
a universal constant. According to the best determinations its 
value is about 5*6 x io~® grams per coulomb. Now' the ratio 
of the mass of a hydrogen ion to the charge upon it (the electro- 
chemical ecjuivalent of hydrogen) is approximately 10”® grams 
per coulomb. Since the charge on each of these particles is 
the same, the mass of an electron must be, therefore, about 

— I — that of a hydrogen atom. It is, therefore, much lighter 

1770 ^ 

than any material atom* 

The actual values of the charge on an electron and its 
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mass have now been determined. The electronic charge, or 
atom of electricity, is 1-57x10“'® coulombs. Substituting 
this value in the value for the ratio of the mass to the charge 
we see that the mass of an electron is 8*8 x 10”*^ grams. 

Since these electrons can be given off from any kind of 
substance they must be present in all kinds of matter. On 
the modern theory of matter every atom consists of a number 
of electrons (ecjual approxiinately to half the atomic weight) 
revolving around a central positive charge, like planets round 
the sun. As the fidics of an electron is only about 
of that of the atom itself, it is obvious that an atom, like the 
solar system, consists piincipally of spaces. A single electron, 
therefore, can make its way through solid matter with no 
more dirtkniUy than a planet cro>sing the sola: system. 

373 . Electron Theory of Conduction.-— It is believed, that 
conduction through metals is carried on by the motion ot 
electrons such as we have described. In non-conductors the 
electrons in the atom are too rigidly attached to it to be set 
in motion by the electrical forces usually employed. In the 
Oise of conductors, ho\sever, it is supposed that a certain 
number of the electrons are so loosely attached to the atoms 
that a considerable number of them are always in a free state, 
and are therefore moving about in the metal, like the mole 
cules in a gas. If an electric field is now apjilied across the 
conductor, the electrons move iindei the field from the 
negative to tht‘ positive end of the conductor, carrying their 
charges with tlumi. 'hhis motion of the electrons through 
the conductor constitutes the electric current. 

374 . X-Rays. — It was observed by Rdntgen that certain 
radiations were given off from the walls of the discharge tube at 
the points wliere the cathode rays impinged. To tliese rays, 
which were able not only to penetrate the glass walls of the 
tub^j but also many other substances which are opatiue to 
ordinary light, he gave the name X-rays, as their nature was 
unknown. They are often called Bontgen rays, after their 
discoverer. 

X-rays are now known to be vibrations in the etjjgr 
resembling tVose of light, but very much more rapid^ and 
therefore of much shorter wave length. The wave length of 
the X-rays is indeed only about of that of the light 

waves making up the visible spectrum.. Like the ultra-violet 
rays, they are non-luminous — that is to say, they do not pro 
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duce the sensation of vision when allowed to fall on the 
retina. We can only observe them by the effects which they 
produce. 

If a sheet of cardboard is covered with crystals of barium 
platino cyanide, it becomes luminous when struck by the 
rays. Such an arrangement is known as a fluorescent screen, 
and is very useful for observations on the rays. If an object 
wliich is opaque to the rays is placed between the source of 
the rays and the screen, it will cast a dark shadow on the 
screen, since X-iays, like other forms of light, travel in straight 
lines. 

Again, the X-rays act upon the emulsion of a photographic 
plate in tin* same way as ordinary light. A photographic 
plate placed in the j)ath of the rays will, on being developed 
in th(j usual way, be found to have become blackened. If, 
however, an opaque object is placed in the path of the rays in 
front of the plate, there will be no action on that part of the 
film within the shadow of the object. Thus, on developing 
fhe plate, a photographic image of the shadow cast by the 
object will be obtained. 

'I'll is process is known as radiography, and the resulting 
picture as a radiogram, or skiagram. It is of course a 
“ negative ” — that is to say, the parts in the shadow will be 
clear, while those not in the shadow will appear dark. A 
“ positive ” can be obtained from this negative by printing on 
photographic paper in the usual ^^ay. 

375. Properties of X-Rays. — X-rays, like light, travel in 
straight lines, from the point struck by the cathode rays. 
'I'heir intensity, therefore, like that of light, falls off inversely 
as the scpiare of the distance from the point of origin. 
Owing to their very small wave length they can neither be 
reflected or refracted. 

No substance is absolutely opaque to the rays, but sq^e 
substances are far more so than others. The denser the 
substance, the more opac|ue it is to the rays. The opacity 
to the rays depends also on the nature of the elements making 
un^the substance. Elements of high atomic weight are much 
more opaque to the rays than elements of low atomic weight, 
'riius iron, copper, nickel, and lead stoj) most of the rays 
falling upon them^and thus cast very dense sliadows; aluminium, 
bone, and glass, which al,isorb a smaller proportion of the rays, 
throw shadows of less density ; while paper, cotton wool, wax, 
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wood, or flesh, being sul)sl:inres o( low dt*nsity . lul consisting 
entirely of elements of low atomic weight, aie ve v trans|>atcni 
to the rays, and cast only faint shaiiows. Thus :fi the t ase ol 
a human limb, the shadow cast by the bone stands out veiy 
distinctly from the faint shadow of the flesh siii rounding it, 
vrhile a piece of shrapnel embedded in the flesh will (Mst a 


1*10. 294. — Kiicliograni showing a Uislucaiioii ui Llbow-Joini. 

stiTi denser shadow. Thus, if the hmb is placed between the 
origin of the rays and a fluoresc ent screen, the shadow of the 
hones are distinc tly visible on the screen, V)eing much darker 
than the surrounding flesh, while the presence of a piece of 
metal is at gncc apparent. If a photographic j)latc is placed 
in the position of the fluorescent screen a permanent record 
of the appearances is produced. Fig. 294 is a reproduction 
of such a radiogram. It is obvious that thi;? property of the 
rays renders them of enormous service in surgery. 
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37 G. Production of X-RayB.— It is obvious that if sharp 
shadows arc to bo obtained tlie X-rays must come from as 
Miiall a poii t as p(jssiblc (S 171;. If the discharge in the 
tube is a stri ngone, great heat is generated at the point struck 
by the (athode beam. It nmst be remembered that the 
eathodi* ra}'. are travelling with enormous velocity, approach- 
ing 10^® crus, per second. As the kinetic energy of a particle 
is proportional to the square of its velocity it is obvious that 
a very large amount of energy will be conveyed to the point 
struck by the cathode stream. This energy is mainly trans- 
formed into heat. The modern X-ray tube is designed (a) to 
obtain as sharp a focus of the cathode rays as possible, and 



(/^) to get rid of the large quantities of heat generated by the 
cathode rays at the focus. 

Fig. 295 is a diagram of a modern X-ray tube. The 
cathode C is made with a concave spherical surface. Since 
the cathode rays are emitted at right angles to the surface of 
the cathode, all the rays will meet approximately at the centre 
of this sphere. At this point is placed the farget, or ««//- 
cathode A, which consists of a block of polished tungsten (a very 
hard, infusible metal) let into the surface of a thick copper disk, 
'rhis disk forms the end of a copper tube, which being a gSod 
conductor of heat rapidly conveys the heat away from the focus 
of the rays, and having a large surface radiates it out into the air. 

The end of the anticathode is bevelled at an angle of 45® to 
tlit^Rxis of the tube. The X-rays radiate out fairly uniformly 
over the hemisphere in front of the anticathode. The anti- 
cathode is connected by a wire outside the tube to the anode 
P, a small alumxiium rod placed near the anticathode. The 
tube is exhausted to a hAgh vacuum. 
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The current is passed through the tube from largo indiio- 
tiop. coil (§ 366). With a higii-power apparatus t is possible 
to pass a current of as much as jV,ih of an amj ore through 
such a tube, at a potential tltlTerencc of half a uhllion volts. 
With discharges of this intensity it is possible to 'ake a radio- 
gram through a man's boily in yli^xh of a second. 

377 . Conduction through Gases. — rhe X-ray ^ have the 
property ol incieasing the conductivity of a gas thiough which 
they are passing. Insulated conductors rajiidly lost; their 
charges if an X-ray tube is being worked in thoir neighbour- 
hood. It is found tint the X-rays cause some of the mole- 
cules of the gas to give out one of the electrons which it 
contains, thus leaving the molecule itself positively charged. 
The electron is then attracted by one of the neutral mole- 
cules around it, which thus receives a negative charge. In 
this way a number of positive and negative molecules are 
formed in the gas, which can convey a current through the 
gas in the same way as the charged ions convey the current 
through an electrolyte. Tiiese charged molecule.s are known 
as gaseous ions. Since the charge on an electron is the same 
as that carrl'Hl by a monovalent ibn in elei trolysis, the gaseous 
ions and the electrolytic ions carry equal charges. 

The number of ions present in the gas, even when the 
X-rays are very intense, is veiy small coiujiarc'd with the 
number (;f ions in an eiec tiolyt*’. and the turieni which < an he 
conveyed through the- I's euider or‘hnary circumstances 
exceedingly small (about 10 ''' anijieres). A study <»t these 
currents has, however, led to results of very considerable 
theoretical importance. 



IJISCHAKGK OF KLIiCTRICITY-X-RAYs' 


523 


!•: X A M I N ATI ( )N Ql I l<:STI( )NS.— XI X 

1. How Would you show that the heat developed in a wire 
in wliK h a curient is flowing varies as the square of the 
current ? 

2. A cell capable of maintaining a constant potential 
(hllerence of 2 volts between its terminals is used to send a 
rurrent through two resistance coils each of 2 ohms resistance. 
Compare tiie* rates of production of heat in the coils (a) when 
they arc connected in series, (d) when they are connected in 
parallel. 

3. State jthe law concerning the generation of heat in an 
electric circuit. A wire resistance has its terminals maintained 
at a potential difference of 100 volts. If the current through 
the wfre is 5 amperes, how many calories of heat are de- 
veloped per hour ? 

4. An electric kettle working off the 220-volt circuit will 
raise a litre of water from 12° C. to boiling-point in ten 
miniKes. Calculate the current through the kettle. (The 
whole of the heat produced tnay be assumed to be given to 
the water.) 

5. Discuss the effect of temperature upon the resistance of 
a metal. How may the effect be used to measure high 
temperatures ? 

6. Describe some delicate instrument for detecting heat 
radiation, and explain the principles involved. 

7. What is an induced current? Describe some of the 
ways in which a current can be induced in a circuit. 

8. How would you iHustrate the phenomenon of the 
induction of currents ? 

q. A large coil of wire lying on a table has its ends joined 
to the terminals of a galvanometer. Explain what happens 
(a) when the coil is turned over, (/;) when it is turned over a 
second time. 

I o. Describe the construction and explain the action of an 
induction coil. Why is it important that the current in the 
prfhlflry should be interrupted rapidly ? How is ^his effected 
in practice? 

1 1. Describe a method by which alternating current may be 
generated. • 

X 2. Describe some msfehine by which direct current can be 
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pRidwied by meduinical means, Explain the principles on 
whidi it acts. 

13. Discuss the evidence for the statement that the 
»thode ra3^ consist of negatively chai|[ed pmdcles. 

14. What are X-rays, and how are they produced ^ Give a 
brief account of the properties of the rays. 

15. What do you understand by the term ion? Describe 
briefly the part the ions play in the transmission of electricity 
through gases and liquids. 






